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In this work we investigate the proposed relationship between planar dielectric sub-
strates of increasing refractive index, and their effect on the frequency of a resonant
mode confined in a whispering gallery mode resonator. We did this using a heavily
automated setup to facilitate the collection of large quantities of data. Not all of this
data is useful due to recurring instabilities within the experimental setup.
Despite the instabilities we were able to collect and analyse a sample of data
for both TE and TM polarised modes when they interacted with a substrate. We
used seven substrates which gave us a refractive index range of 1.43 to 4.0. We built
plots that highlight the effect that these substrates have on both the frequency of the
mode and the broadening of the mode for the substrates where mode-broadening
was shown to occur.
We measured the effect of the substrates on the frequency of a whispering gallery
mode resonance. These results are then compared to the theoretical predictions that
inspired this research. We found that the figures we built showed qualitative agree-
ment with the theory especially for the frequency tuning of TE polarised modes.
The TM polarised modes also showed agreement with the theory. We also saw some
agreement between TE mode broadening results and the theory but the TM mode
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This chapter exists as several distinct sections. The first two sections are to outline
the history and phenomenology of whispering galleries. It is important that this is
done in absence of the experimental discussion so that a clearer picture of what a
whispering gallery is and how it works is shown. This will make it easier to see how
a whispering gallery is used in experiments such as the one in this thesis when later
chapters are read. After the introduction to whispering galleries we will extend this
discussion to the development of how a WGMR can satisfy the resonance condition.
We will then move on to discuss the motivations for this thesis and look at the the-
oretical paper about which the experiment in this thesis is based. Finally we will
outline what can be expected in the remainder of this thesis through short synopses
of each chapter.
1.1 Whispering Gallery History
A whispering gallery is usually a room with a round edge. These rooms often pos-
sess geometry that is circular in nature, although whispering galleries have been
discovered with geometry that can deviate, possessing hemispherical, elliptical or
ellipsoidal geometry instead. The rooms with these sorts of geometries would often
be the result of being built beneath an architectural vault of some kind. Whispering
galleries like the Saint Paul’s Cathedral (figure 1.1) in London are the result of being
built beneath a dome, a common type of architectural vault.
FIGURE 1.1: The whispering gallery in Saint Paul’s Cathedral. Image
taken from [1].
There are many examples of whispering galleries around the world. Saint Paul’s
Cathedral in London is a popular example as it is also the location where Lord
2 Chapter 1. Introduction
Rayleigh began work on understanding them (detailed below in 1.2). Other ex-
amples include Grand Central Terminal in New York, Saint Peter’s Basilica in the
Vatican City and The Church of the Holy Sepulcher in Jerusalem.
The name "whispering gallery" comes from the discovery that a message whis-
pered along a wall could be clearly heard in other parts of the gallery. Two people
could have a whispered conversation in such a gallery and find that even if they
stood on opposite sides of the gallery, the message would be better preserved when
whispered along the wall rather than at the person directly across the room. It was
noticed that the sound would seemingly "stick" to the walls as it travelled, allow-
ing for whispered communication from one part of the wall to any other part on
the circumference. Furthermore, it was noticed someone standing in the centre of
the room would not be able to hear the whispers even if standing directly between
those whispering.
1.2 Whispering Gallery Phenomena
In 1878, Lord Rayleigh explained what was occurring in the gallery [2] and named
the phenomenon "whispering gallery" phenomenon after the location of its discov-
ery within Saint Paul’s Cathedral. He explained that the sound was constantly re-
flecting off of the wall as it travelled around. To prove this Lord Rayleigh set lit
candles around the gallery and used a whistle as a sound source, measuring the
flickering of the candles to determine the reach of the whistle. The intensity of the
sound was shown to decay slower when bouncing along the wall. It decayed as the
inverse of the distance it travelled, rather than as the inverse square as is the case
with an outward radiating sound from a point source in free space.
While initially discovered for acoustic waves, whispering gallery phenomena
applies to electromagnetic waves also. The research into the scattering of light from
spherical particles is credited to papers published in 1908 by Gustav Mie [3] and
Peter Debye [4]. In this instance, confining light waves does not require the same
scale as the whispering gallery in Saint Paul’s Cathedral due to the differences in the
size of their respective wavelengths. To observe the analogous acoustic reflections
in the optical domain, we can build a resonator out of a dielectric material. A large
glass sphere is useful at visually demonstrating the confining of light when a laser
of a visible wavelength is coupled into it. When this is set up correctly the light
appears confined at the rim of the sphere. Due to the size of the sphere relative to
the wavelength of light, the light appears to "bend" around the sphere as it travels
(see figure 1.2).
1.3 Whispering Gallery Resonances
Let us take a moment to discuss how the confinement of a wave at the edge of a sur-
face contributes to the satisfaction of the resonance condition: The repeated reflec-
tions of a wave around the rim of a surface will continue infinitely if contributions
from absorption and scattering from the material are neglected. To neglect these
components would quickly turn this into an unphysical system, so when those com-
ponents are not neglected and there is no external driving force present to compen-
sate, we recognise that a decay in the amplitude of the wave must occur. If one takes
steps to promote the lifetime of the wave as it travels, the wave would eventually
circumnavigate the space and traverse its origin on the rim. The overlap between
the returning wave and the point of origin is dependent on the number of times it
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FIGURE 1.2: The light remains confined near the rim of this glass
ball, analogous to how sound is confined to the rim of a whispering
gallery.
is reflected while travelling. This is dependent on the geometry of the space and
the properties of the wave. The frequency of the wave will determine the resulting
phase offset the returning wave has with its point of origin. Certain frequencies will
experience no phase offset, which will cause constructive self-interference. Similarly,
there will be certain frequencies that return to the same starting point but exactly out
of phase. This results in destructive interference and so these frequencies are sup-
pressed in the WGMR. The constructive self-interference leads to an amplification of
the wave, with the strongest amplification of the wave occurring at integer multiples
of 2π after one circumnavigation by the wave.
FIGURE 1.3: A ray optics illustration of WGMR resonance. A light
ray is confined in the WGMR by continuous reflections at the rim.
This satisfies the resonance requirement as the amplitude of the frequency of the
wave after travelling around the rim will exceed the amplitude of the frequency of
the wave at the origin. We refer to the resonance frequencies formed in this manner
as modes, hence the term whispering gallery modes. In the acoustic domain, Lord
Rayleigh was able to generate the modes in the whispering gallery of Saint Paul’s
Cathedral by standing in the gallery and blowing on a whistle. The optical domain
uses a different process to generate the modes. While there are several methods to do
this, this thesis will focus on the method known as prism coupling using frustrated
total internal reflection and will be discussed in detail in section 3.2.2. The discussion
of modes in this section is kept brief but will be elaborated on in section 3.4.
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1.4 Experiment Motivations
The experiment in this thesis is conducted with the objective of verifying a relation-
ship proposed in Foreman et al. (2016) [5]. In this paper, it was suggested that a
dielectric substrate could be brought into close proximity with a WGMR to detune a
resonant mode.
This relationship was developed further, to suggest that changing the refractive
index of the substrate would change the amount of frequency detuning. This rela-
tionship can be seen in figure 1.4 below. The amount of frequency detuning seen
can also change depending on if the mode is transverse-electric (TE) polarised or
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FIGURE 1.4: We note that the relationship between the refractive in-
dex of the substrate and the resulting frequency shift of the resonant
mode is non linear. Of interest is an inflection point that occurs when
the refractive index exceeds that of the resonator. We can also note
that an anomalous blue shift is predicted for high refractive index val-
ues when using TE polarised modes. (Figure 3a taken from Foreman
et al. (2016) [5])
Many interesting consequences occur from the relationship between refractive
index and frequency detuning. We introduce the standard terms red-shift (a reduc-
tion in frequency) and blue-shift (an increase in frequency) to simplify explanations
relating to these consequences. If a TE mode is observed, a red-shift is expected
when the refractive index of the substrate is increased from 1. Once the refractive
indices of the substrate and resonator match, a maximal red-shift occurs. What is
perhaps more interesting, is that when the refractive index of the substrate is in-
creased further, the magnitude of the red-shift decreases, eventually reaching a point
where there is no frequency shift of the resonator mode. At this point the effects of
the red-shift and blue-shift compensate each other, making it as if there is no sub-
strate nearby. When the substrate refractive index is increased beyond this point,
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a blue-shift of mode is expected. There are many anecdotal reports about noticing
blue-shifts in experiments but there is little literature available that explores them
in detail. One work that does is by Vogt et al. (2019) [6] in the THz domain. It is
important to note that the presence of a blue-shift is unique to TE modes. TM modes
were shown to exhibit a similar pattern of behaviour but without a blue-shift.
The purpose of the experiment in this thesis is to explore the relationship pro-
posed in Foreman et al. and to verify if the relationship holds true for both TE and
TM modes. To do this we must discretize the continuous refractive index scale. This
is to generate a more physical setup whereby we can use substrates with a range of
different refractive indices to form a relationship between the refractive index of the
substrate and resulting frequency shift of the resonator mode.
The discussion of the relationship proposed in Foreman et al. was kept brief in
this introduction, and will be revisited in section 4.1 with more detail.
1.5 Thesis Content
This thesis has chapters grouped together based on different aspects of the exper-
iment. Chapter 2 and chapter 3 will focus on more of the background discussion
away from the direct experimental context of the experiment presented in this thesis.
The remainder of this thesis will focus on aspects of the experiment more directly,
from discussions about aspects of the experiment of the results of the experiment
itself:
• In chapter 2 we will spend some time illuminating the complicated process of
fabricating a resonator in the lab. We will then move into a description of the
processes involved with both polishing and cleaning a fabricated resonator.
• In chapter 3 we will discuss various aspects of WGMRs. This chapter will
serve as the majority of the background required to understand the reasoning
for steps taken in this experiment moving forward. Section 3.1 will outline the
geometric structure of WGMRs and how birefringence influences the refrac-
tive index of a resonator when a particular polarisation of light is coupled into
it. Section 3.2 will show how Snell’s law plays a vital role in confining light to
a WGMR using total internal reflection. We will then extend the theory of total
internal reflection to account for light entering a resonator through evanescent
field coupling. Section 3.3 will have a lengthy discussion about many of the
aspects involved with coupling light into a WGMR. We will begin by coupling
light from a fibre to free pace and continue discussion until a coupling spot
is found by observing the presence of Newton’s rings. Section 3.4 will intro-
duce the nomenclature for characterising the spatial position of modes that are
observed in WGMRs. We will take an example of this nomenclature to intro-
duce the idea of fundamental modes. Section 3.5 will take at the values that
can characterise WGMRs. We will discuss what the theory of each value with
reference to their importance in this experiment before detailing a process of
extracting the values experimentally.
• In chapter 4 we will study aspects of the experimental setup in greater detail:
Section 4.1 will have us revisit the motivations behind this experiment in more
detail. Here we will discuss the implications of moving from the theoretical
conclusions of the background paper to the experiment devised in this thesis.
Here we will analyse some of the results found in Foreman et al. and what they
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mean for the experiment presented in this thesis. It is in this section that we
also get the first introduction to the substrates used in this experiment through
table 4.1. We will then move into section 4.2 where we will show the physi-
cal setup with which we run the experiment. The remainder of this chapter
is focused on discussions around specific elements of the setup. Section 4.3.1
will examine the methods by which the computers communicate with lab ap-
paratus. This is followed by a discussion around the two different types of
positioning systems used (sections 4.4 and 4.5).
In section 4.3 we will elaborate on the automation processes employed in this
experiment to facilitate data collection. We will conclude this chapter with
an outline of some of the steps taken to mitigate potential error sources: the
orientation of the substrate mounting (section 4.8) and the presence of thermal
fluctuations (section 4.9).
• Chapter 5 focuses exclusively on the methodology of this experiment. This has
two important aspects, the process for readying the setup before data is taken
(section 5.1) and the process of running the experiment itself (section 5.2).
• The results of the experiment are broken down by the relevant substrate in
chapter 6. We will also analyse the results in this chapter.
• This will leave a lot of the discussion to chapter 7, which will also serve as the
future outlook of this experiment and the final chapter of this theses.
1.6 Outcomes During This MSc
While completing the research for this thesis, we had several positive outcomes. The
research for this thesis was presented at the Dodd-Walls Symposium held in Auck-
land in July 2018. This research generated a high level of interest at this symposium
with a lot of engagement during the poster presentation session in which this re-
search was showcased. This discussion resulted in a competing work demonstrating
a blue-shift measured in the THz domain [6], published in Optics Letters.
This research was also presented at the Frontiers in Optics Conference held in
Washington DC in September 2018. At this conference there was a high degree of
interest during the poster session that this research was presented. Many interesting
discussions took place between myself and various attendees, some of whom were





This chapter will focus on the fabrication of resonators. This will include discussions
around the apparatus used to fabricate the resonator. Once the fabrication process is
complete the resonator is still unlikely to be useful in a setup. The resonator must be
refined through bouts of polishing and cleaning before it will perform adequately in
a physical setup. The process of polishing and cleaning a resonator will follow on
from the conclusion of the fabrication process.
2.1 Fabrication Methods
There are different fabrication methods available for WGMRs depending on their
intended use and the material they are fabricated from. Common methods are melt-
ing and re-flowing and single point diamond tuning. Melting and re-flowing does
not work well for single crystalline materials as the fabrication process causes the
resonator to become polycrystalline. If the resonator is polycrystalline then it loses
its birefringence (birefringence is explained in section 3.1.2) which is an important
property for our experiment in distinguishing between TE and TM modes (see sec-
tion 4.1). Polycrystalline resonators can also have increased bulk and surface scat-
tering. This will negatively affect the Q-factor (Q-factor is explained in section 3.5.3)
of the resonator. This makes a single crystalline resonator more desirable than a
polycrystalline resonator.
The resonator used in Foreman et al. is made from lithium niobate (LiNbO3) so
we also selected lithium niobate for our resonator material to increase compatibil-
ity. As this material possesses a single crystalline structure, we wish to preserve
this for reasons explained above. This makes single point diamond tuning a more
favourable fabrication method and will be the method discussed in this thesis. Sin-
gle diamond tuning ensures that the fabricated resonator remains single crystalline.
2.2 Fabrication Component Discussion
2.2.1 Lathe
We use an air-bearing spindle lathe for fabrication. It is attached to an air compressor
to reduce friction and achieve up to 6000rpm when using the turning machine. The
object to be spun on the lathe is first inserted into a chuck and then twisted into
the front of the lathe until tight As the object is twisted it lead to instabilities while
using the lathe if it rotates eccentrically. There are calibration processes available to
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mitigate this balancing issue that will not be detailed in this thesis so it is assumed
the lathe is already balanced to a satisfactory level.
FIGURE 2.1: An image of the air-bearing spindle lathe and micro-
scope where WGMRs are fabricated.
2.2.2 Turning Machine
The turning machine is a cutting arm mounted on the top of a platform with inde-
pendently controlled x and y axis movement. This gives it a limited range of motion
on one side of the lathe (see figure 2.2). A sharp single crystalline diamond tip is
mounted at the end of the cutting arm and is used to cut the precursor into a res-
onator. The resonators fabricated in the lab possess rotational symmetry so the turn-
ing machine only needs access to one side of the resonator. We employ the use of a
computer to make precise movements of the turning machine. We can use complex
curves to shape the resonator
2.2.3 Paraffin Wax
We use paraffin wax as a mounting adhesive. It is used to mount a resonator material
wafer onto a sheet of metal, to mount the resonator precursor onto a brass rod and
to mount substrate windows onto aluminium slides.
There are many advantages to using wax over other adhesives. It retains a strong
bond in the setup because the melting point is very high relative to the room temper-
ature. The wax also doesn’t have a curing time that other stronger adhesives have,
meaning the object can be used once it has sufficiently cooled rather than after a cer-
tain amount of time has passed. This makes it especially useful when only minor
adjustments need to be made to the position of something such as resonator precur-
sor on the brass rod tip as often many small adjustments need to be made before the
precursor is mounted satisfactorily.
To use the wax we first need to melt it into a liquid. This is done using a hot plate
(see figure 2.3). The process for using the wax is as follows:
1. We set the hot plate to a temperature around the melting point of the wax. This
temperature is around 110◦C. We place a small glob of wax and object we want
to mount something onto. This should be a metallic item such as the brass rod
or aluminium slide. As these are metallic they conduct the heat well and allow
the wax to be manipulated before it cools.
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(A) Two uni-axial translators are mounted perpen-
dicular to each other to produce a stage with a large
rage of movement. It can be controlled through a
joystick or via a computer. The clamps allow for
objects to be mounted on it such as the diamond
cutter (pictured right).
(B) The diamond cutter used for the fabrication of
WGMRs. The diamond tip can be seen protruding
to the right. The diamond tip can be exchanged us-
ing a screw. This allows for customisable precision
with smaller or larger diamond tips based on the
requirements.
FIGURE 2.2: A composite figure shows a diagram of the setup con-
ditions and a photograph of the resulting reflected image from the
prism onto a screen. The left image shows A possible coupling spot
due to the presence of the interference highlighted in yellow. In the
right image, the coupling prism is moved away from the resonator
and the interference pattern disappears (compare the yellow high-
lights of the left and right images). This suggests that the interference
seen in the left image is caused by the contact between the spherical
surface of the resonator and the flat surface of the coupling prism,
generating Newton’s rings. The location of this interference suggests
the presence of a coupling spot.
2. When the wax has melted into a pool a toothpick is used to collect a small
amount and smear it on the item where something is to be mounted.
3. The item is removed from the hot plate carefully and pressed together with
the object to be mounted and the toothpick is used to finely manipulate the
position of the join while the wax is still hot and liquid.
4. When the position of the join is satisfactory the bound object has one of its
metallic surfaces placed onto a heatsink. This speeds up the cooling process
for the wax and allows the object to be used in a matter of minutes after the
wax is applied. Suitable heatsinks include metallic bench vices or large blocks
of metal.
2.2.4 Brass Rod
Brass rods are favoured to hold resonators for several reasons. They provide stable
housing for the resonator, allowing for the changing of a resonator in a setup with
relative ease. As the rod is brass, it is thermally conductive, making them useful in
setups with temperature control. We employ a naming system of etching a resonator
designation into the base. This makes it easy to distinguish resonators that are hard
to distinguish by eye alone.
The end of the brass rod should have a tapered tip. This allows for a coupling
prism to be brought into close proximity without impacting the brass and means the
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FIGURE 2.3: The hot plate used to melt the paraffin wax for use in
mounting objects in the experiment.
diamond tip of the turning machine does not need to cut the brass while it shapes the
resonator. This leads to a reduction in wasted materials and prolongs the sharpness
of the diamond tip.
2.3 Computer Control
We use a program written by a current PhD student to facilitate the fabrication pro-
cess (see figure 2.4). Using the program allows for precise diamond cutter move-
ments with greater precision than can be achieved by manually using a joystick. As
we have precise control over the x and y movements of the diamond, we can com-
bine movements in both the x and y directions to simulate a curve. This allows us to
shape the curved rim of the resonator and allows us to control the major and minor
radius (see section 3.1) of the finished resonator.
2.4 Lithium Niobate Resonator Fabrication Process
Here we will detail the steps taken to fabricate a resonator using single point dia-
mond tuning.
2.4.1 Drilling The Precursor
The resonator materials often come in the form of a wafer. We need a way to drill
a small piece of the wafer out to be used in fabricating a resonator. The method we
use is to mount a hollow core brass drill bit with in the lathe and push the wafer
mounted to a thin metal sheet into the bit as it rotates in the lathe. We add high
grain size diamond slurry to the contact point between the drill bit and the wafer
to facilitate the drilling process. We can adjust the size of the resonator precursor
by changing the size of the brass drill bit mounted in the lathe. The purpose of
the metal sheet is two-fold. Firstly it gives stability to the drilling process by re-
ducing the risk of fracturing given the brittle nature of some materials like lithium
niobate. Secondly it serves as a novel feedback system for determining when the
drilling process has completed. This process involves connecting the brass drill bit
and the metal sheet underneath the wafer with a LED bulb and battery. When the
drilling has completed, the brass drill bit and metal sheet will contact, completing
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FIGURE 2.4: A screenshot of the program used to control the turning
machine when fabricating WGMRs.
the circuit and turning on the LED. With the feedback circuit in place and the lathe
rotating at 6000rpm we bore a small cylindrically-shaped resonator precursor out of
the wafer. The precursor should have a 100 µm radius larger than the desired res-
onator radius. This is a safety threshold so that cracks in the surface of the precursor
can be removed without changing the desired radius of the resonator.
Once the wafer has been drilled, the metal sheet and wafer can be placed on
the hot plate and the precursor can be extracted from the wafer once the wax has
melted. The precursor should be cleaning by wrapping it in lens tissues and placed
into a beaker with a small amount of acetone. This beaker is then placed into a
hyper-sonic bath that cleans excess wax, diamond slurry and other debris from the
precursor.
2.4.2 Mounting The Precursor
Once we have a suitable precursor, this is removed from the wafer and mounted
on the end of a brass rod. The precursor should be mounted flat on the end of the
resonator, as the turning machine operates perpendicular to the long axis of the rod.
This means any deviations from flat can give rise to eccentricities in the final shape
of the resonator. The ’flatness’ of the precursor can be checked on a microscope
eyepiece that has a gird. The resonator edge is aligned with a grid line under the
microscope. If the resonator is then rotated along the rod axis, one rotation should
see the edge of the resonator remain near the specified grid line. Large deviations
from the grid line as it rotates suggests that the resonator is not mounted flat on the
brass rod.
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We devised a way to help ensure the precursor is flat upon the brass rod tip using
a large press and a height adjustable stage (see figure 2.5). We place a leveler on the
press so that we can tell that the press is flat, then adjust the height of the stage
such that the press starts to push the precursor down on the brass rod. This is most
effective when the brass rod is on the hot plate as the wax needs to be soft to change
the position of the precursor.
FIGURE 2.5: The device we made to help ensure a resonator precursor
was mounted flat on a brass rod tip. The yellow leveller is used to
make sure the press is flat.
2.4.3 Cutting The Resonator
The precursor is then cut into the shape of the desired resonator. This is using the
diamond cutter and turning machine. For lithium niobate resonators, they should
be cut in accordance with the negative rake angle, cutting speed and cutting depth
specified in section. This should be done in steps with a surface inspection by mi-
croscope to ensure there are no cracks or breaks in the material.
The rake angle and feed rate of the diamond cutter are carefully controlled to
ensure that the finished resonator has a high surface quality. Rake angle and feed
rate are the two parameters that have the most impact on the final surface quality
of a fabricated resonator. Rake angle is the angle between the surface normal of the
precursor and the diamond cutter (see figure 2.6). A negative rake angle is found
to have better results for brittle substances like lithium niobate. The diamond cutter
is mounted below the equatorial plane of the brass rod to ensure a negative rake
angle is obtained. A positive rake angle can chip or break the material during the
fabrication process. The best rake angles are found anecdotally to be between −20◦
and −25◦ for lithium niobate.
The feed rate is a measure of how far the diamond cutter travels while the precur-
sor undergoes one revolution. The diamond cutter should approach at a maximum
speed of 25 µm/s and have a maximum cutting depth of 2 µm.
2.5 Polishing of WGMRs
When the cutting process has been completed after enough steps, polishing will be
required to ensure an optically smooth surface around the resonator. Polishing can
take place immediately after a resonator is cut as they are both done on a lathe.
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FIGURE 2.6: A schematic of the negative rake angle used when fabri-
cating WGMRs.
The optically smooth surface is the result of removing any imperfections in the res-
onator. These imperfections often take the form of scratches, chips or indents. We
can often see imperfections in the reflections of the resonator when looked at un-
der a microscope. The lathe microscope shows two light spots in the top of the
resonator and rotating the resonator can highlight imperfections when they cause
a change to these light spots . The polishing is done by hand with a spin speed of
60rpm. We use diamond slurries with varying sizes of diamond grains to polish the
resonator. A lens cleaning tissue is folded in half multiple times to build an edge
where a slurry can be applied and held to the resonator while it spins. The grain size
in the slurry will usually start at 9 µm or 3 µm depending on the degree to which
the resonator needs polishing. At these grain sizes the slurries are often in a water
based solution however for finer grain sized slurries the particles are suspended in a
grease solution, requiring a drop of distilled water applied to the resonator or slurry
before polishing. The grain size of the slurry can be reduced to provide a finer pol-
ish and therefore an increased optical smoothness in the resonator. The application
spot on the folded tissue should be changed when a different sized slurry is used
to avoid scratching the surface with residual large diamond particles. The resonator
should also be cleaned with isopropanol in order to remove any excess slurry before
a smaller grain is applied. When the polishing process is complete and the surface
appears smooth under a microscope, the resonator can be cleaned to remove any
excess slurry.
2.6 Cleaning of WGMRs
Cleaning a resonator is done by hand on the lathe with a spin speed is set to 30rpm.
Cleaning alcohols like isopropanol or ethanol can be applied to a lens tissue and
wiped along the surface of the resonator. The process is best done by beginning
with the top of the resonator and moving the tissue towards the base of the rod.
This motion is repeated along the resonator and ensures that any detritus collected
is pushed in the same direction and away from the resonator. Otherwise random
cleaning motions might only serve to smear the detritus around and result in lit-
tle change to the cleanliness of the resonator. A dry lens tissue is used to ensure
the cleaning alcohols are wiped away from the resonator. They evaporate but can
sometimes leave a residue that causes chromatic aberration when looking at the res-
onator surface under a microscope. These aberrations can sometimes mask particles
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FIGURE 2.7: An image of the different diamond slurries used to pol-
ish WGMRs. They are labelled by the grain size of the diamonds
within them and kept seperate from each other to prevent cross con-
tamination.
that would reduce the optical smoothness of the resonator and so they should be
removed if possible.
2.7 Maintenance of WGMRs
If a resonator that is placed in a setup begins to behave more poorly it is useful to
place it in the lathe and observe it under a microscope. Often times the image under
the microscope can diagnose why a resonator might suddenly perform worse. Below
is a quick description of what to look for to diagnose poor resonator performance
while observing the resonator in the microscope:
• Often times dark spots that appear around the resonator rim can be a sign of
dust tat can be fixed by repeating the cleaning process.
• If cleaning has removed the spots but has caused chromatic aberrations of ei-
ther the light points in the rim from the microscope lamp, or any spots that
appear rainbow in colour, this can be a sign of residue remaining on the res-
onator. This can be solved by properly drying the resonator after cleaning.
• If the reflected lamp light points change shape or reflection intensity asymmet-
rically as the resonator is rotated, this can be a sign of an asymmetric change
in shape of the resonator., in the form of a dent or mark. If cleaning does not





In this chapter we will look in more detail at various aspects of WGMRs. We will
discuss the structure of a resonator before a detailed discussion of the process of total
internal reflection. This will serve as laying the groundwork for discussions around
how light couples into the resonator. This will be done in two parts. The underly-
ing process will be discussed with an outline of frustrated total internal reflection,
before moving through the physical process undertaken to actually couple light into
the resonator. Once we have established how light couples into the resonator (both
in theory and in practice) we will discuss what one can see on an oscilloscope when
the coupling process is complete (resonator modes). Armed with the knowledge of
understanding what is being seen, we will extend this discussion into the character-
isation of these modes, both in characterising their spatial location in the resonator
and useful measurements that can be performed on the modes to increase our under-
standing of what is happening inside the resonator. This chapter will conclude with
an explanation of how one goes about obtaining the useful measurements when the
resonator is in a physical setup.
3.1 WGMR Structure
3.1.1 Geometry
WGMRs often possess spherical or rotational symmetry. This is often achieved by
fabricating a disk made from a dielectric material that contains a major radius R and
a minor radius r.
A WGMR can have different "cuts" referring to the location of the optical axis
relative to the resonator. When the optical axis is parallel to the axis of rotational
symmetry (denoted as the z-axis from figure 3.1), we refer to the resonator as a z-cut
resonator. One can fabricate a resonator with the optical axis parallel to the x-axis (x-
cut resonators [7]) or at an arbitrary angle relative to the z-axis (angle-cut resonators
[8]). This thesis will almost exclusively refer to z-cut resonators.
3.1.2 Birefringence
In resonator materials such as lithium tantalate, barium tetraborate or lithium nio-
bate, the refractive index is dependent on the direction of the polarisation of the light
within it. This is a property known as birefringence and means that different polari-
sations of light will interact with different refractive indices within the same crystal.
A birefringent crystal will have two refractive indexes, an ordinary refractive index
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FIGURE 3.1: Structure of a WGMR. The difference between the major
radius R and the minor radius r can be noted from their positions on
the figure.
FIGURE 3.2: An illustration of the optical axis in a z-cut resonator. TE
and TM directions are also shown.
(denoted as no) and an extraordinary refractive index (denoted ne). Based on the di-
rection of the optical axis in a crystal, light polarised parallel to the optical axis will
experience the extraordinary refractive index and conversely light polarised perpen-
dicular to the optical axis will experience the ordinary refractive index.
If we now introduced polarised light into the resonator, transverse-electric (TE)
polarised light (light polarised perpendicular to the WGMR place) will experience
the extraordinary refractive index and transverse-magnetic (TM) polarised light (light
polarised parallel to the WGMR place) will experience the ordinary refractive index
of the resonator. Due to the rotational symmetry of a z-cut resonator, the refractive
indices experienced by the different polarisations of light are constant regardless of
the position along the rim of the resonator where light is coupled in.
3.2 Total Internal Reflection
We described how a wave was able to "stick" to a curved surface as it travelled ear-
lier in section 1.2 but here we explain the underpinning principle in more detail.
The confinement of a wave along a curved surface is a result of total internal reflec-
tion (TIR). Here we will discuss Snell’s law and the condition for TIR to occur. The
process by which we actually couple light into a resonator uses an extension of TIR
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known as frustrated total internal reflection (FTIR). It is useful to cover FTIR below
before we talk about coupling more broadly in the following section (3.3).
3.2.1 Snell’s Law
TIR is a consequence that is derived from Snell’s Law. Snell’s law describes how a
wave is refracted as it travels across a boundary between two different mediums,
such as water and air. The angle that it will refract at is dependent on the refractive
indices of the media and the angle of incidence it makes with the boundary. This
relationship is written as
n1sin(θ1) = n2sin(θ2). (3.1)
If we take the limit where θ2 approaches 90◦. We would find that the wave no








If the angle of incidence exceeds the critical angle (Θ1 > Θcritical) then the wave
will reflect at the media boundary, giving rise to the term totally internal reflection.
This can only occur in instances where n1 > n2 in accordance with the critical angle
formula. This explains why TIR can occur in the whispering gallery in St. Paul’s
cathedral, due to the interface between air and stone. This also explains how light is
internally reflected in a WGMR, due to the interface between the resonator material
and air. The process for TIR is illustrated in figure 3.3.
FIGURE 3.3: An illustration of total internal reflection.
3.2.2 Frustrated Total Internal Reflection
Frustrate total internal reflection is an extension of total internal reflection. Even if
an incident wave is entirely reflected through the process of TIR, it will still pro-
duce an evanescent wave (see figure 3.4). This wave will ordinarily transmit zero
energy, however if we introduce a dielectric prism into the field of the evanescent
wave, the evanescent wave can become a propagating wave again. If the prism has
a higher refractive index than the resonator nprism > nresonator > nair then the en-
ergy transmitted to the resonator can be enough to excite a wave that can continue
propagating. Doing this creates an evanescent coupling channel which allows light
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to ’tunnel’ into the resonator. Evanescent waves decay exponentially if there is no
third media in close proximity for it to propagate in.
FIGURE 3.4: An illustration of frustrated total internal reflection. This
diagram represents the interaction at the prism-resonator boundary,
TIR occurs within the prism but the nearby WGMR opens an evanes-
cent coupling channel, thus emitting light from the prism into the
resonator.
3.3 Coupling
We have discussed how light remains in a resonator but one might wonder how it’s
possible to introduce light into a resonator in the first place. It is common to use
prism coupling [9] or tapered fibre coupling [10] to couple light into a WGMR. This
thesis will only focus on prism coupling due to its relevance to the experiment. The
name arises from the reliance of this method on the introduction of a dielectric prism
to the coupling environment.
There are several important steps to utilising prism coupling, we must couple
light to free space such that we can refract it into a prism. We must ensure that the
refraction into the prism at the correct angle to couple into the resonator. Next we
use a screen to see the reflection of off of the back side of the prism that will help to
find the coupling spot. Once the coupling spot is found, we need to be able to detect
if there are resonant modes present in the resonator. It is advised to complete most
of the coupling process using a laser in the visible spectrum and revert to the desired
wave-length once the resonator has been coupled into. This section will elaborate on
each step of the coupling process.
3.3.1 Free-Space Coupling
Optical fibres are great at allowing light to move over vast distances without losses
but one cannot use a fibre to shine light into a prism. We must first couple the light
from optical fibre into free-space. To do this we need three things, a graded index
(GRIN) lens, a pig-tailed ferule and a glass mating sleeve. We fix the GRIN lens to
one end of the mating sleeve using super glue or other form of strong adhesive, as
the GRIN lens will not need to be moved once it’s fixed in the sleeve. We then place
the pig-tailed ferule in the other end of the sleeve.
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A pig-tailed ferule bares resemblance to an optical fibre patch cable that has been
cut in half. They have a fibre optic terminator at only one end, and we use the non-
terminated end with the GRIN lens to couple the light to free space.
A GRIN lens is a lens that has a refractive index that varies radially. They are gen-
erally used in collimating or re-imaging fibre optic cable outputs, especially when
paired with a pig-tailed ferule.
We do not fix the pig-tailed ferule in the mating sleeve like we did the GRIN lens.
This is because we can gently move the pig-tailed ferule forwards or backwards in
the plastic mating sleeve and it will change the numerical aperture of the free-space
coupling. This has the effect of adjusting the focus of the light which is necessary
to reduce the out-coupled beam profile to ensure as much light as possible strikes a
detector chip.
It is recommended to attach the mating sleeve with the pig-tailed ferule and
GRIN lens to a xyz translator stage. This makes fine adjustment of the laser position
easier and will be vital when finding the coupling spot (see below) and optimising
modes (see section 3.4 below).
3.3.2 Prism Movement
We need to ensure that the prism is in contact with the resonator such that the cou-
pling spot is visible in the reflected image from the prism. To do this we use an At-
tocube nano-positioning system to move the prism into contact with the resonator.
The mechanism for this movement will be discussed further in section 4.5 but it is
important to mention this step during the coupling process.
3.3.3 Coupling Angle Calculation
To ensure the highest probability of light coupling into the resonator, we solve Snell’s
law to find the optimum angle for an incident wave to enter the coupling prism
from free space. Light entering the prism at the optimum angle undergoes FTIR
with the best conditions to emit into the resonator. The calculation of this angle is
more complicated than plugging the respective values into equation 3.1 above. The
internal angles of the coupling prism complicate the optimum coupling angle as
light must first refract into the prism before it can undergo FTIR.
We assume that the coupling prism is in contact with the resonator, and that the
plane of the prism in contact with the resonator is parallel to the tangent of the res-
onator (see figure 3.5). We define this plane to be the ’coupling plane’. We make
several assumptions to simplify the derivation. We consider the case for triangular
coupling prisms with either isosceles or equilateral geometry. This simplifies the
calculations as we don’t need to consider the angle difference between the incident
wave and the out-coupled wave. We also assume that the resonator and prism are
surrounded by either air or vacuum and that neither the prism nor the resonator
have any coating that would influence their refractive index. We only consider the
case for TE polarised light however this can be extended to TM polarised light with-
out too much added difficulty. Finally we assume that the prism is isotropic and that
the resonator is a z-cut.
Let the refractive index of the coupling prism be nprism and the refractive index of
the resonator be nresonator. We define the angle the incident light ray makes with the
normal of the side of the coupling prism as γ, we can calculate the refracted wave
angle θ1 using Snell’s law (3.1)








We then implement the critical angle condition for FTIR to occur on the coupling
plane. Let the angle that θ1 makes with the coupling plane be β. We can express this







The wave now reflects off of the coupling plane, the presence of the resonator
opens a coupling channel and light couples into the resonator. Due to the symme-
try from specifying isosceles or equilateral triangular prism geometry, the wave is
refracted across the prism-air boundary at the same angle γ. The final step is to for-
malise how this fits together with the interior angles of the coupling prism. Let us








This definition causes the optimal coupling angle (θoptimum) to fall out of the
equation as
θoptimum = 90− α− γ. (3.6)
The optimal coupling angle is defined as the angle made between the coupling
plane and the incident light to the prism (as can be seen in figure 3.5). This definition
is a stable reference point that allows the interior angle of the coupling prism to
change without changing how the optimum angle is measured. To have a stable
reference point also makes it easier to adjust the angle later if the setup changes.
We used a permanent marker to draw a crude protractor on the optical table by the
setup as a coupling angle reference.
FIGURE 3.5: A diagram of the coupling prism with annotations de-
scribing the angles used to calculate the optimum coupling angle. The
normals at the boundaries are drawn in blue The left image is an ex-
panded look at the incident light wave entering the prism. Here the
difference between the incident angle for Snell’s law γ and the angle
with the coupling plane θoptimum can be clearly distinguished.
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(A) The reflected image shows a potential coupling
spot. Indicated by the presence of a circular inter-
ference pattern with a notable dark fringe along the
top and right of the pattern. This has been framed
in yellow for clarity. A zoomed in crop of the frame
is seen to the right with an arc drawn in blue to di-
rect the eye to where the fringe can be seen.
(B) This is the same reflected image but with the
WGMR and coupling prism no longer in contact.
This causes the dark fringe previously seen to dis-
appear. As the presence of the dark fringe is depen-
dent on the distance between the WGMR and cou-
pling prism, this indicates the location of the cou-
pling spot.
FIGURE 3.6: A composite figure shows a diagram of the setup con-
ditions and a photograph of the resulting reflected image from the
prism onto a screen. The left image shows A possible coupling spot
due to the presence of the dark fringe framed in yellow. In the right
image, the coupling prism is moved away from the resonator and
the interference pattern disappears (compare the yellow zoomed im-
age of the left and right images). This suggests that the interference
seen in the left image is caused by the contact between the spherical
surface of the resonator and the flat surface of the coupling prism,
generating Newton’s rings. The location of this interference suggests
the presence of a coupling spot.
3.3.4 Newton’s Rings
We want to find the point where the resonator rim is the closest to the coupling
plane. This will produce a unique interference pattern known as Newton’s rings
(see figure 3.6). This interference is caused by a curved surface (the resonator) being
in contact with a flat surface (the coupling prism).
We set up a screen to observe the reflected light from the prism. We can then
adjust the pig-tailed ferule distance in the mating sleeve to zoom in or out of the
reflected image. We can then adjust the reflected image by adjusting the position of
the light entering the prism using the xyz translation stage. There are many sources
of interference when looking at the reflected image, however only one spot will be
caused by the resonator. Other interference is typically due to dust or other debris
collecting on the prism or resonator. When the potential coupling spot has been
identified, it can be tested by moving the coupling prism away from the resonator
and returning it to contact. If the coupling spot has been identified correctly, moving
the prism away also removes the Newton’s rings from the reflected image. This is
because introducing a gap between the resonator and prism violates the condition
for Newton’s rings to appear, yet returning the prism to contact will also return the
Newton’s rings to the reflected image. This makes it very easy to check whether
identified interference is the coupling spot or not.
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Once the coupling spot has been correctly identified then we use the translation
stage dials to centre the coupling spot on the reflected image. We then adjust the
numerical aperture of the coupling lens to reduce the beam profile as much as possi-
ble. Reducing the beam profile while centred on the coupling spot can allow enough
light to couple into the resonator, often giving it a faint glow from Rayleigh scatter-
ing on the rim (see figure 3.7). Finally we introduce a detector in place of the screen
to catch the out-coupled light from the prism. This can be combined with a focussing
lens to ensure the detector is capturing as much light from the setup as possible.
FIGURE 3.7: An image of the glow on the resonator produced by
Rayleigh scattering. This can be seen when enough light can couple
into a resonator during the coupling process.
3.4 Mode Observation
Connecting the detector to an oscilloscope will not automatically show modes. Here
we will discuss how the light entering the detector reveals the presence of modes in
the resonator. Referring back to section 1.3, we noted that we need to encourage con-
structive self-interference to fulfil the resonance condition. As this can only happen
with certain frequencies of light we need a way of adjusting the frequency of light
coupling into the resonator.
FIGURE 3.8: An image of the controller we use to manage the 1550 nm
laser. Of note are the modules present, scan control, temperature con-
trol and current control. Adjusting these can change how the laser
performs.
We use a Toptica Photonics SYS DC110 to control the 1550 nm laser. One of the
modules we use in the control rack is a scan control module. The scan control uses
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a piezo to rotate an internal grating that adjusts the frequency of the output light.
The scan control module has a scan frequency range of 0.01 Hz to 10 kHz and an
adjustable offset. We set a large frequency scan amplitude to sweep over a large
frequency range. Sweeping over a large frequency range is more likely to find a
resonant frequency. The scan control can produce sawtooth signals for the piezo,
that come symmetrically or asymmetrically. An asymmetric wave contains a longer
ramp up, retaining the same frequency information but spread over a greater num-
ber of samples on the oscilloscope. This gives us a greater resolution of the frequency
sweep than the symmetric wave would be capable of. We trigger the oscilloscope off
of the scan control trigger to see this longer frequency ramp on the oscilloscope. Ad-
justing the numerical aperture of the light is anecdotally the fastest and only step
needed to observe modes on the oscilloscope. This should be sufficient before one
needs to adjust any dials on the x-y-z translator stage.
Modes are observed as dips on the oscilloscope trace. These dips occur because
the modes are at frequencies that are resonating so they do not out-couple to the
detector. We use a combination of the prism-resonator distance and the x-y-z trans-
lation stage dials to increase the contrast between the observed modes and the base-
line detector reading. Once this process is complete the oscilloscope should show
clear modes similar to that seen in figure 3.9.
FIGURE 3.9: An image of the oscilloscope showing WGMs. The x-
axis hasn’t been calibrated for frequency yet so it shows the sample
number.
3.4.1 Modes Characterisation
Modes that are seen in a resonator can be characterised with three components.
These components serve to give an indication of the spatial location of the mode
within the resonator. The three components are:
1. The azimuthal mode number m. This number denotes the number of oscilla-
tions in the plane of the resonator.
2. The polar mode number p. This number denotes the number of minima in the
polar direction
3. The radial mode number q. This number denotes the number of maxima in the
radial direction.
Examples of modes with differing mode numbers can be seen in figure 3.10 be-
low.
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(A) Depiction of a mode with
q = 1, p = 0. This is a funda-
mental mode.
(B) Depiction of a mode with
q = 2, p = 0.
(C) Depiction of a mode with
q = 1, p = 1.
FIGURE 3.10: An artistic rendering of the spatial location of modes
based on mode numbers. The dots in each figure are made to repre-
sent localised electric fields within the resonator (not to scale).
Fundamental Modes
A fundamental mode is a mode that has q = 1 and p = 0 (see figure 3.10a). These
were the modes used by Foreman et al. to derive the relationships of interest. A
process for identifying fundamental modes is presented in Breunig et al. (2013) [11].
One can obtain the radial mode number q by measuring the free spectral range (see
section 3.5.4 below) of many modes in the WGMR and stratifying the data by the free
spectral range. The stratification of the data corresponds with the radial number,
meaning modes in the lowest strata will have a radial mode number of q = 0.
3.5 WGMR Characterisation
Studying a mode can yield a lot of useful information. In this section we will look at
several of the common measurements done on resonator modes. We will first look
at the theory for a measurement before we elaborate on the experimental procedure
for obtaining the values.
3.5.1 Linewidth
The linewidth of a mode is the full width half maximum (FWHM) of a Lorentzian
fit to a particular mode. It gives us an indication of the amount of time that light
spends in a resonator.
3.5.2 Coupling Contrast
The coupling contrast of a resonator is a measure of how much light enters a res-








The ratio between the light entering (Pin) and light dissipating (Pout) affects the
contrast between the edges of a mode and the depth of its centre. Based on the
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Fitting Lorentzian To WGMR Mode
Lorentzian Fit
Data
FIGURE 3.11: A Lorentzian fit applied to a WGM of interest.
relative sizes of light entering and light leaving there are three different coupling
regimes possible for a WGMR:
1. Under coupling, where Pout > Pin. In this regime, the coupling contrast is small
so modes are harder to distinguish from background noise. The linewidths
are also small making the frequency of a mode easier to determine. See figure
3.12b.
2. Critical coupling, where Pout = Pin means K = 1. In this regime, the resonances
have a maximised coupling contrast, making modes easy to distinguish from
noise during data analysis. This regime also increases the linewidth of reso-
nances. See figure 3.12c.
3. Over coupling, where Pout < Pin. In this regime, the coupling contrast is reduced
compared with the critical coupling regime. The linewidth is maximised in this
regime resulting in greater uncertainty of the mode frequency. See figure 3.12d.
The third plot in figure 3.13 illustrates the differences between these regimes.
Changing the distance from the coupling prism to the resonator changes the cou-
pling contrast. This response is non-linear due to the exponential behaviour of the
evanescent field. Due to the relative ease of changing this distance, it makes it easy
to adjust the strength of the resonator coupling mid-experiment.
3.5.3 Quality Factor
The Q factor is a measure of the inverse of a resonators linewidth relative to its
(resonant) frequency. It determines how much energy is lost compared to the energy





This is often referred to as the total or loaded quality factor (QT). This can be
separated into the intrinsic quality factor Q0 and the coupling quality factor QC com-
ponents by
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Step 2: Under Coupling
(B) The mode at step 2. Here
we can see that the mode is un-
der coupled due to the small
linewidth and low coupling

















Step 6: Critical Coupling
(C) The mode at step 6. Here
we can see that the mode is
critically coupled as the cou-
pling contrast observed in fig-

















Step 7.5: Over Coupling
(D) The mode at step 7.5.
Here we can see that the
mode is over coupled due to
the decreased coupling con-
trast when compared to criti-
cal coupling and the increased
linewidth observed at this step
on figure 3.12a.
FIGURE 3.12: We observe a mode and save a trace after changing the
position of the coupling prism incrementally. Figure 3.12a shows the
results of fitting a Lorentzian to this mode at each increment, allow-
ing us to observe how the linewidth and coupling contrast change
with the distance between the coupling prism and the resonator. The
distance was changed by incrementing the voltage of a piezo in steps
of 0.1 V, with each increment moving the coupling prism closer to the
resonator, reducing the distance between them. This was repeated 75
times. The figures 3.12b-3.12d show the mode at different distances
illustrating the different coupling regimes.










When the coupling is increased (distance between coupling prism and resonator
is reduced) light tends to exit the resonator sooner using the prism. This decreases
QC as the losses incurred by the coupling increase. This separation also allows us to
redefine the coupling regime in terms of Q-factor. Under coupling is where Q0 < QC,
critical coupling is where 2QT = Q0 = QC and Over coupling is where Q0 > QC.
Energy losses in a WGMR can occur from surface scattering, material absorption
and radiative loss. We polish the surface of the resonator (see section 2.5) to minimise
losses by surface scattering. The light lost from radiation is a result of the evanescent
field that escapes the resonator. As this field decays exponentially, a sufficiently large
major resonator radius compared to the wave-length of light (R >> λ) means the
radiative losses are usually negligible when compared to other sources of loss for
the resonator.
3.5.4 Free Spectral Range
When light is coupled into the resonator, the frequency of the light will determine
how many wavelengths comprise one round trip of the resonator. The free spectral
range (FSR) is a measure of the increase in resonance frequency between the coupled
light and light that completes one round trip with an extra wavelength. This value
is non constant when the number of wavelengths that comprise a single round trip
is small. As the number of wavelengths in one round trip increases the increase
in frequency becomes more constant. Due to the major radius R of the resonator
relative to the wavelength of light coupled into it we can assume that the FSR is
constant. FSR is given by the equation
FSR = νm+1 − νm. (3.10)





where Dresonator is the diameter of the resonator in millimetres. There is an in-
teresting phenomena that can occur known as mode anticrossings [12] where modes
couple with each other. This is usually seen between modes of differing polarisation.
3.6 WGMR Characterisation Measurement Process
3.6.1 Coupling Contrast Measurement Process
The coupling contrast is obtained by normalising the voltage of the out-coupled light
from the resonator at the detector.
3.6.2 Linewidth Measurement Process
We obtain the linewidth for a mode by fitting a Lorentzian to a mode of interest
and extracting the FWHM value. As linewidth is a frequency value, this requires
translating the x-axis into frequency instead of time. The conversion is done through
the method described in section 4.3.2. It is recommended to have the Lorentzian fit
done using a computer for accuracy and speed.
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3.6.3 Q-Factor Measurement Process
We commonly calculate a range of Q-factors for a single mode by changing the cou-
pling conditions. If we modify the distance between the coupling prism and the
resonator we can change the coupling contrast and linewidth for that mode. Often
we do this to find the maximum Q-factor value. We do this by changing the position
of the coupling prism (by adjusting the voltage of the attocube that it is mounted
upon) and saving the trace of the mode seen on the oscilloscope. We do this for
several measurements, obtain the linewidth using the process above and substitute
values into equation 3.8.
We can also obtain the intrinsic Q-factor Q0 for a mode by changing the distance
between the coupling prism and resonator in small, regular increments and obtain-
ing the linewidth at each increment. This will often show exponential behaviour due
to the exponential nature of the evanescent field. If we fit an exponential line to the
linewidth values calculated. The y-intercept of this fit line should match the intrinsic
Q-factor because it is equation 3.9 taken at the limit where the contribution from the
coupling Q-factor QC is zero.
































FIGURE 3.13: The coupling prism was moved incrementally by ad-
justing the voltage of a piezo. A trace of the mode was saved after
each increment of movement and had a Lorentzian fitted. Using the
fit, the Q-factor was extracted and plotted.
3.6.4 FSR Measurement Process
We ensure that light is coupled into the resonator and that modes can be seen on
the oscilloscope. We observe one mode and use equation 3.11 to get an estimate of
the FSR we would expect for the resonator. We then use an electro-optic modulator











FSR Measurement (fsideband < fFSR)
(A) Side-bands are modulated
onto the signal below the
FSR frequency, giving the
trace side-bands that appear











FSR Measurement (fsideband = fFSR)
(B) Side-bands are modulated
onto the signal at the FSR fre-
quency. The side-bands coa-
lesce with the mode giving the












FSR Measurement (fsideband > fFSR)
(C) Side-bands are modulated
onto the signal above the FSR
frequency. The mode loses
the increased coupling con-
trast and the side-bands reap-
pear to either side.
FIGURE 3.14: Modulating side-bands onto the signal at various fre-
quencies to find the FSR of a mode.
(EOM) to modulate side-bands onto the light with a side-band frequency near the
calculated value. If the EOM frequency is close to the FSR, then the side-bands of
the modes with one wavelength higher and lower will appear equidistant from the
observed mode. If the side-band frequency is tuned closer to the EOM frequency
then the position of the side-bands will move closer to the observed mode until they
perfectly overlap the focussed mode. The modulated side-band frequency at this
point is the FSR frequency. When fsideband = fFSR the observed mode often appears





In this chapter we will discuss some of the assumptions made in Foreman et al. and
how they are controlled for within the experiment in this thesis. This will include a
break-down of figure 1.4 that was introduced in chapter 1. We will then take a more
detailed look at the experimental setup with discussions on how a mode is selected
and measured. We will then discuss some of the finer operational details of various
experimental apparatuses used in this experiment. This chapter will conclude with
a discussion of the software that we built and used to increase the efficiency and
volume of data collection. We will use this as foundational discussion to explain why
the development of such software was necessary within the scope of this experiment.
4.1 Experiment Objectives
Foreman et al. Theory
In Foreman et al. (2016) [5], the calculations made were using several conditions
which we will now discuss. The calculations of Foreman et al. rely on a lithium
niobate resonator that has 1550 nm light coupled into it. Lithium niobate is a bire-
fringent material (review section 3.1.2) meaning that it has an ordinary refractive
index of no = 2.213 and an extraordinary refractive index of ne = 2.138. The geome-
try in the resonator is assumed to be of major radius R = 2.1 mm and minor radius
r = R/9. The WGMR used is a z-cut resonator and the fundamental modes were
assumed, meaning mode values of p = 0, q = 1. For the fundamental TE mode this
led to the calculation of azimuthal mode number m = 18152 and the fundamental
TM mode azimuthal number of m = 18790. These values were quoted as being cal-
culated from the dispersion relation given in Breunig et al. (2013) [11]. The results of
the frequency shifts on the resonance modes by the substrates are from the assump-
tion that the substrates have a thickness so much larger than the 1550 nm wavelength
light that they can be considered infinite in thickness. Finally it is assumed that the
substrate is brought from infinity into touching contact with the resonator.
Frequency Shift Contribution Discussion
In figure 4.1 the legend indicates that there are 3 separate curves noticed on the plot:
the total curve and two contributions that comprise the total curve (N (1)ν and N (2)ν )
These are defined integral terms that are taken from Foreman et al. (2016) [5]. While
they are initially introduced as equations 49 and 50 in Foreman et al. (2016) [5], they
rely on work done by Foreman et al. throughout Chapter 4 and accompanying work
done in Appendix C (where the Bethe-Schwinger equation is derived) to reach the
form used in figure 4.1 (equations 66 and 67 in Foreman et al. (2016) [5] forN (1)ν and
N (2)ν respectively). It is these forms which I will be discussing in more detail below.
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For any reader interested in their definition they can look to Chapter 4 and Appendix
C in Foreman et al. for a greater theoretical discussion than what is presented here.
N (1)ν will be discussed in greater detail within the subsection ’Red Shift Phenomena’
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FIGURE 4.1: Figure 3a taken from Foreman et al. (2016) [5]. This figure
has appeared earlier in the introduction to this thesis however it is
repeated here for ease of access when discussing the results of this
figure in greater detail.
Our Experiment
The assumptions covered above place some conditions on how we conducted this
experiment. We used a lithium niobate resonator that was z-cut, so the same material
and cut of resonator was used. The geometry of the resonator is different. The
geometry of our resonator is such that the major radius R = 12.5 mm and the minor
radius r = 5 mm.
As the paper uses a continuous scale of refractive index, we cannot replicate this
in an experimental setup. Instead we discretize the scale into a series of substrates
with increasing refractive index. Thee substrates are similar sized windows that we
mount on aluminium slides with wax so that we can attach them to an attocube for
movement. The silicon substrate was much larger than the other windows so we
used a diamond saw to cut the window in half. This was necessary as the silicon
window was too big for the slide. The list of substrates can be found in table 4.1
below.
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Substrate Refractive Index Image
Germanium 4.0 [13]
Silicon 3.48 [14]
Zinc Selenide 2.45 [15]
Zinc Sulfide 2.27 [16]
Sapphire 1.75 [17]
Optical Glass 1.5
Calcium Fluoride 1.43 [18]
TABLE 4.1: The substrates used in the experiment.
Red Shift Phenomena
The red shift is theorised to be the result of work done to generate a material po-
larisation in the resonator. This is represented by the term N (1)ν in figure 4.1. The
evanescent field around the resonator interacts with the substrate and the field re-
mains evanescent at small substrate refractive indices (nresonator > nsubstrate). The
difference between the refractive index of the substrate and resonator determines
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the magnitude of the shift. The magnitude of the red shift increases as the differ-
ence between the refractive index of the substrate and resonator decreases. When
the refractive index of the substrate approaches the limit nresonator ≈ nsubstrate, the
magnitude of the red shift is greatest and the maximum red shift occurs.
The small difference in the refractive index at which the maximum red shift oc-
curs between TE and TM polarised light is due to the birefringence of lithium nio-
bate, and therefore the maximum red shift occurs at ne ≈ nsubstrate for TE and at
no ≈ nsubstrate for TM.
If the refractive index of the substrate is increased past this point nresonator <
nsubstrate, the magnitude of the red shift decreases. This is in contrast to the mag-
nitude of the contribution N (1)ν which remains constant for TE waves and nearly
constant for TM waves. This a consequence of the transmitted wave from the res-
onator to the substrate containing propagating as well as evanescent components
(noted by the contribution N (2)ν increasing from zero). This can cause the resonator
resonance frequency to begin to blue shift as radiative losses are increased into the
far field (discussed more below).
Blue Shift Phenomena
When both the effective refractive index of the resonant mode and the refractive in-
dex of the substrate match, the evanescent field that leaks into the substrate becomes
a travelling wave. These contributions are signified by the term N (2)v . They grow as
the substrates index increases. At some point these contributions cancel the polari-
sation components N (1)v entirely and the substrate does not induce any shift (there
will be however still a mode broadening due to part of the light propagating into the
far field).
Increasing the refractive index of the substrate further past this point causes the
effect of the blue shift to become stronger than the effect of the red shift (N (2)ν >
N (1)ν ).
The resulting blue shift can be understood well in the limit of very large refractive
index of the substrate. In this case no light can penetrate into the substrate and
the substrate acts as a perfect mirror. If the light can not enter the substrate, the
electro-magnetic field needs to have a node at the surface which will push the mode
contributions of the whispering gallery mode deeper into the WGM, thereby causing
a blue shift.
Mode Broadening
In the coupling regime where nsubstrate < nresonator, the parts of the field that leak
from the resonator into the substrate contain evanescent components but no propa-
gating components. This means that no light is coupled out into the substrate so no
mode broadening is observed.
At the point where nresonator < nsubstrate, the parts of the field that leak from the
resonator into the substrate contain propagating components as well as evanescent
components. Some of the energy is carried in the propagating components that is
not re-introduced to the resonator. This energy is carried into the far field and is
thereby lost to the resonator. This loss mechanism causes the linewidth of the res-
onance to increase. As there is less energy leaked into the evanescent field by TM
modes, the expected mode broadening for TM modes is thus expected to be less
than TE. Again we can observe the effects of the birefringence of lithium niobate
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as the point where mode broadening begins to occur coincides with the refractive
index of lithium niobate experienced by the different polarisations of light. For TE
polarised mode broadening occurs when nsubstrate > ne and for TM polarised light
mode broadening only occurs when nsubstrate > no.
For much larger refractive indexes we can see a drop in the mode broadening.
This can again be understood well in the limit for very large refractive index of the
substrate. In this limit the substrate acts as a perfect reflector and therefore no light
is lost.
FIGURE 4.2: Figure 3a taken from Foreman et al. (2016) [5]. This figure
shows the mode broadening TE and TM polarised light. Of interest is
the shape of the curve for both TE and TM where the curve shows a
local maximum mode broadening.
4.2 Setup
The setup was designed to ensure we had a high degree of mechanical stability in
coupling light into the resonator. It was also designed such that the tested substrate
could be brought into close proximity so monitoring the space around the resonator
was important.
The central block features a main hole that houses the brass rod with resonator
mounted. The location of the hole that houses the brass rod is aligned with a screw
hole in the optical table underneath. This gives us a good reference point to align the
correct angle for the laser when coupling light into the resonator and also provides a
high degree of stability on the optical table. The major disadvantage that comes with
the lack of rotational freedom is that any change in angle of incident light needs to be
performed by re-orienting the translation stage that coupled the light into free-space
for the setup. This trade-off is acceptable as the angles calculated to couple to the
fundamental TE and TM modes are based on the resonator and coupling prism and
will therefore remain constant throughout the experiment. The central block also
features the ability to mount an attocube near the resonator. By having the attocube
on the same block as the resonator it increases the mechanical stability of the setup.
On top of the attocube is a single arm that has the coupling prism fixed to it. The
attocube allows the distance between the prism and the resonator to be controlled
with a high degree of precision.
In our setup we have a z-cut lithium niobate resonator and the coupling prism
is an equilateral triangle made of diamond. This means that performing the calcula-
tions in 3.3.3 yields a coupling angle of 21.3◦ for TE modes and 10.7◦ for TM modes.
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(A) Photograph of the experimental setup in an
overview.
(B) Photograph of the resonator in contact with the
silicon substrate window. A reflection of the res-
onator can be seen in the window and the GRIN
lens and coupling prism can also be seen nearby.
FIGURE 4.3: The setup used for the experiment.
The detector is a Thor Labs InGaAs Amplified Detector which we use to collect the
out-coupled light from the resonator. It has a variable gain in increments of 10dB.
The gain can be turned up to offset low laser power but it should not be turned up
too much or the detector can become sensitive enough to pick up the beat frequency
of the lights in the lab.
4.3 Automation
Because our experiment is to test for a shift in the frequency of a mode when a
substrate is in close proximity of the WGMR, we need a rigorous repeatable system
to collect data. If we collected this data manually we would need to change the
position of the substrate and save the frequency trace measured by the detector. This
process would need to be repeated enough times to build up a range of substrate
positions and analysis of the data would be needed to highlight any observable shift
in the frequency. This would be very slow and likely very inaccurate. Ideally this
process would be done quickly to avoid large environmental changes in pressure or
temperature that might affect the results.
To most efficiently collect data we automate the procedure. There are two parts
to the automation of this experiment. Part 1 is the automation of data collection, this
is performed through a python script. Part 2 is the manipulation and analysis of the
data, this is performed through a MATLAB script. Both parts are discussed in detail
in this section.
4.3.1 Computer Communication Discussion
As we are using a computer this introduces an extra layer of complexity to the ex-
perimental setup. It is worth taking a moment to discuss how a computer is able
to communicate with the apparatus used in the experiment. In this experiment we
have two methods of computer communication. One uses an external interface to
facilitate the communication. In this experiment this external interface is a breakout
box. The other method used in this experiment is to wire the apparatus directly into
the laboratory network with its own static IP address. Both methods are discussed
in more detail below.
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Breakout Boxes
In order to facilitate communication between a computer and a device like the nanocube
or the attocube, we use a breakout box (see figure 4.4). A breakout box serves as an
interface between BNC cable inputs from the devices in the lab and the computer.
Information is passed to the computer through its PCI slot. We use two different
breakout boxes in the experiment. One breakout box facilitates communication be-
tween a lab computer and the nanocube. Another breakout box facilitates commu-
nication from the EOM to a second lab computer. We need two different lab com-
puters as only one has a PCI slot which is a necessity for the breakout box to talk
to the nanocube. The other computer manages its breakout box through a USB port
but this breakout box lacks the required BNC slots to connect to the nanocube. The
network access route also removes the potential for crosstalk to occur between de-
vices. Crosstalk can be noticed in something like a breakout box where the signals
are transmitted through BNC cables. A consequence is that the signal transmission
through one cable can lead to some signal getting "leaked" into a nearby cable or
channel. This has been noticed when BNC cables are plugged into ports located
next to each other on the breakout box. It is often mitigated by plugging a dedicated
resistor end into the unused ports of the breakout box nearby to the port with the
BNC cable plugged in.
FIGURE 4.4: Photograph of the breakout box controlling the
nanocube.
Network Access
In the experiment we also use a digital oscilloscope and an attocube controller. Both
of these devices are wired into the network of the lab. This makes it easy to connect
to them over the Local Area Network (LAN) as they have their own IP address and
port. Giving them network access provides a significant speed advantage in reading
data from each device as it bypasses the breakout box which can get congested with
each device relying on a bus to transfer information to the computer. Accessing the
attocube controller through the network also extends its functionality as it has an
onboard console that can receive commands through the network. This makes re-
mote operation of the attocube controller only possible when the attocube controller
is accessed through its network port.
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4.3.2 Python
A former PhD student designed the basic script that we used as the python automa-
tion script in this experiment. For the script to automate the data in a useful and
efficient way we designed it to do several things. The script copies the trace from
the detector on the oscilloscope and reproduces it on the computer, this allows us to
save the traces as .dat files for MATLAB to import and analyse. We decided not to
make the program automatically update for reasons outlined below so it refreshes
on a command or action performed from within the program instead. The script also
has the ability to talk to the EOM in the lab. This has the advantage of being able to
perform the majority of the tasks required in the pre-sweep calibration process (see
section 5.1) from a single lab computer. We extended the functionality of the script
to also be able to communicate directly with the attocube controller. This removes
the need to make small adjustments to the attocube from the controller, and instead
can also be performed from the lab computer. Due to the ease of communication
to other equipment in the setup from within this python script, we created meth-
ods that would increment the position of a piezo. We can set this piezo to be the
one responsible for the position of the substrate to generate a .dat file every time the
substrate moves past a set threshold in displacement. It was important to automate
this process for two reasons, it is much faster to take data when the process is auto-
mated, and it can be timed such that the time interval between measurements is kept
constant. Irregular time intervals could skew the data and give false results. As we
could control the step sizes that the piezo took we can generate sets of data of many
different resolutions. This is a useful feature if we want to investigate a particular
displacement from the resonator in higher resolution.
Frequency Axis Calibration
The x-axis of the python oscilloscope must be changed into frequency. This requires
the use of side-bands of a known frequency to be modulated onto the light by an
EOM [19], and using the position of the side-bands to form a frequency scale for the
python script. This process is simple to carry out from within the script and is vital
to do before an experiment sweeps are conducted.
1. We focus on a mode on the python oscilloscope that looks like it would have a
high Q-factor and a low linewidth
2. We turn on the EOM with a designated frequency. This should be chosen rea-
sonably as from Foreman et al. we expect frequency shifts of up to 40 MHz. We
can use the scan control amplitude dial on the frequency sweep of the laser to
increase or decrease the distance between the mode and the side-bands with-
out adjusting the frequency of the EOM.
3. We type the upper and lower bounds of the mode and the side-bands into the
appropriate boxes in the python script.
4. We specify the frequency of the side-bands if this is not already entered in the
script window.
5. We click calibrate. This initialises a method that finds the position of the side-
bands relative to the mode and sets the difference between them equal to the
side-band frequency. It then forms a new scale based on the relationship be-
tween the number of data points an the frequency to translate the x-axis from
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sample number into frequency. It will also zero the axis about the mode. This
makes any frequency measurements relative to the calibrated mode position.
6. We then turn off the EOM and refresh the python oscilloscope to return the
frequency trace to be of just the desired mode.
This completes the calibration process and an experimental sweep is now ready
to be conducted. The scan control amplitude dial on the frequency sweep of the
laser cannot be tampered with or the calibration process must be repeated. The DC
offset dial can be used as this only applies an offset and doesn’t adjust the scale of
the frequency between the side-bands and the mode. The equations followed by the





where fsideband is the side-band modulation frequency (often chosen to be an in-
teger multiple of 10 MHz) and dsideband is the number of data points that reside be-
tween the centre of the left side-band and the centre of the right side-band, calculated
as
dsideband = nRight − nLeft. (4.2)
As there is a finite amount of data taken in from the oscilloscope by the python
script, we can artificially boost the resolution by changing the scan control amplitude
dial with an appropriate EOM frequency to ensure the distance between the mode
and the side-bands is as large as possible while remaining visible on the oscilloscope.
Doing this means there are more samples available for each unit of frequency, giving
changes in frequency a higher resolution.
Program Limitations
One might assume that the easiest way to see the results of the experiment in real
time is to make a python script that also has a constantly updating GUI. This would
give it the advantage that any change in the frequency is immediately noticed on the
screen. While this is a major advantage, our attempts at achieving this failed when
we discovered the presence of a "race condition" within the program.
A race condition can occur in software when an application relies on a particular
sequence of processes or threads to operate correctly. When we made the python
script that had the GUI, we decided that the best method was to both update the GUI
and poll for new data to come in through the PCI card. We created separate threads,
one that was only responsible for moving the substrate on command from within
the program and one that was only responsible for updating the GUI by pulling in
information from the detector. We thought this approach worked but found that the
movement of the substrate was faster than the GUI was able to update. This lead
to the race condition as the GUI was "blocked" from updating while the substrate
moved, yet as a result the computer didn’t have enough time to switch between
updating the GUI and moving the substrate sufficiently. We found that instead the
program would assume that the substrate had moved even when it had not. This
lead to inaccurate data.
We discovered this by getting the program to pretend that the position of the
substrate was the voltage at the detector, allowing us to see what the true output of
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the program was. We expected this test to show lines at 1 V increments, correspond-
ing to the increment in position of the substrate (figure 4.6a). The results of this
test can be seen in figure 4.6b. Due to the inaccuracies between the expected results
and the actual results we decided to manually implement a sleep of the computer
to overcome the race condition. While this did increase the accuracy of the program
and produced results that we expected, the time taken to run each sweep increased
significantly as there was a sleep period of 500 ms. The idea of using a constantly
updating GUI was eventually abandoned and replaced with the python program
described above.
4.3.3 MATLAB
Alfredo Rueda provided the initial design for the MATLAB script that would process
the .dat files generated from the python script. This script takes a user-specified
number of data files and applies a Lorentzian fit to the mode seen in each trace. It
then compiles the results of all of the Lorentzian fits applied and generates a plot for
the Q-factor, linewidth and frequency shift. The frequency shift that the MATLAB
script produces is relative to the first data set it analysed, and not the frequency axis
associated with the .dat file it received from the python script. This is done to remove
any frequency offset that might be carried over from the python script. This script is
useful for both the experiment and finding the critical coupling distance between the
coupling prism and the resonator. We will use this script to set the coupling prism
distance to match where the highest Q-factor is obtained.
4.4 Nanocube Discussion
The accuracy in measuring the substrate position is crucial to determining how
much the substrate perturbs the evanescent field. To maximise the accuracy of these
measurements we need a very precise system to control the position of the substrate.
Piezos are popular for taking positional measurements at the sub-micron level. We
are using a Physics Instruments 3 Dimensional Nanocube Controller and P-611.3
Nanocube for this task. This apparatus is capable of translating by up to 100 µm in
each dimension. There is a stack of piezos located internally that can control move-
ment in each dimension of the nanocube. The piezos are designed to expand and
contract in response to a voltage being passed through them, with the magnitude of
the voltage controlling the amount of expansion and therefore the amount of move-
ment. As this is a physical change in the crystal to change the position, there can be a
hysteresis problem, where the amounts of expansion and contraction are not always
equal. There are servos present in the nanocube to reduce the effects of hysteresis as
well as dampen fluctuations in the voltage. This keeps the position stable to a tenth
of a micron. Initial testing of the nanocube controller deemed the y-axis the only ap-
propriate axis for the direction of the substrate movement. The z-axis was unusable
as it moves the substrate perpendicular to the table instead of in the experimental
plane. The x-axis was not able to remain in a stable position regardless of the servos
being active, the output would fluctuate making it unusable when precision is so
critical.
Each axis of the nanocube controller has two BNC ports associated with it. One
is an input to modify the voltage of the axis within the nanocube and the other
is an output of the voltage for connecting to an external measurement device. We
utilise both ports when we automate the data collection process (discussed below in
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section 4.3). We also tested the calibration of the nanocube to ensure that the values
it displayed were accurate. This process is described in section 4.4.1 below.
The entire nanocube is mounted on top of a one dimensional stage translator.
This translator is useful in making coarse position adjustments for the substrate and
nanocube. This allows us to move the nanocube rapidly away from the WGMR
when we want to change the substrate being tested. This also allows us to move
the substrate near to the WGMR by eye using the coarse adjustment knob on the
translator. It would be difficult to use the nanocube to move the substrate directly
into contact with the resonator. There is no feedback mechanism to tell us when
the movement of an axis is impaired. We mitigate this difficulty by mounting an
attocube to the top of the nanocube (see section 4.5 below). This has the audible
feedback mechanism for movement and so is easier to use to close the remaining
distance in placing the substrate into contact with the resonator.
4.4.1 Nanocube Calibration
Accuracy was ensured between the position of the nanocube and the digital readout
of the nanocube controller by building a Michelson Interferometer. The interferom-
eter was built during a summer studentship. The movement of the nanocube was
matched with the change in voltage read by the detector (see figure 4.8). We used
a sine fit to determine the relationship between the position and voltage because a
displacement of λ/2 of the mirror mounted on the nanocube causes a change in the
wavelength of the beam at the detector by λ. We can solve this relationship to form
an equation for voltage as a function of distance.
The results of this relationship were used to check if the readout of the position
from the nanocube controller were consistent with the voltage we expected from
calculations. We found that the relationship is approximately 1 V to 10 µm. This
is consistent with the display of the nanocube controller. While the input of the
nanocube controller accepts volts, it automatically converts voltage to position, re-
sulting in any input being converted into an output of position. This simplifies the
calculations needed to make for how the nanocube behaves. When feeding an input
of voltage to the nanocube, it will automatically step the voltage up by a factor of
10. This means that we have an effective range of 0 V-10 V but the nanocube will
display 10 times the voltage it receives as input. This voltage range corresponds to
a positional change of 0 µm-100 µm. This is mirrored in the limits of the nanocube
where it has a voltage input ceiling of 10 V.
4.5 Attocube Discussion
Attocube is a company that specialises in nano-positioning systems. When the term
attocube is referenced in this thesis it is referring to the nano-positioning unit made
by Attocube. We used ANPx101 linear horizontal stepper positioners in this exper-
iment. This is done to distinguish it from the nanocube, as both are piezo systems
used in this experiment. To operate an attocube it is plugged into a control module
and there can be several control modules operating from a single control system,
with each control module responsible for a single attocube positioner. In this exper-
iment we used two ANM300 control modules and a single ANC300 control system.
The piezo actuator inside an attocube is a piezo-ceramic made from lead zirconite
titanate. These can be supplied with a voltage of up to 150 V which is enough for
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most applications. The attocubes have a travel range of 50 mm and can perform
movements at speeds of up to several mm/s.
An attocube is useful as a positioning solution in the experimental setup due to
the piezo actuator within it that makes sub-micron movements possible. The mech-
anism for the attocube movement is detailed below. We use two attocubes in the
setup. We use one as the method of moving the coupling prism as seen in section
3.3.2. We also use an attocube to control the position of the substrate in conjunc-
tion with the nanocube. Using the attocube to move something into contact with
the resonator is preferred over a method such as the nanocube due to the feedback
mechanism that makes it clear when the movement of the attocube is impeded. The
feedback mechanism and how it’s utilised is explained below. The attocube con-
troller is also capable of receiving commands through an on-board console that can
be accessed via logging into it directly. This can only be done if the attocube con-
troller is connected on a network.
Attocube Movement Mechanisms
The attocubes use a "slip-stick" mechanism to move. This allows the attocube to
make very small movements with high precision. The typical minimum step size
for attocubes is around 50 nm when at room temperature. As this step size is smaller
than the wavelength of light used in this experiment it makes attocubes invaluable
at moving substrates to specific parts of the evanescent field. There are three steps
that the attocube goes through to perform one displacement step:
1. Before the step: When there is no voltage applied to the piezo, the piezo-
ceramic clamps the internal driving element. This clamping action and the
friction of the coating on each side of the clamped interface prevents the posi-
tion of the slide on the attocube from changing.
2. The "stick" phase: This involves applying a saw-tooth pulse of voltage to the
attocube. During the ramp part of the saw-tooth wave the piezo expands, caus-
ing the slide to move the displacement corresponding to the voltage supplied.
3. The "slip" phase: During the steep drop portion of the saw-tooth wave, the
piezo contracts rapidly. This contraction occurs over a short space of time,
giving the piezo a rapid acceleration. The inertia of the slide on top of the
piezo overcomes the friction force from the clamping, making it near stationary
while the piezo "resets". This can be thought of having an effect similar to
quickly pulling a table-cloth from under dinnerware if the dinnerware was the
attocube slide and the tablecloth was the piezo.
With the piezo "reset" the displacement step is now complete and voltage is no
longer supplied to the attocube. The lack of voltage triggers the clamping mecha-
nism in step 1 again, preventing the position of the attocube slide from changing
once more.
One can also use an offset voltage to expand or contract the piezo in an attocube.
Doing so uses a mechanism different to the stepping system so the range of move-
ment is reduced. This method is more useful for high resolution movements over
a smaller range. The attocubes have a stock limit of 130 V which corresponds to a
range of approximately 650 µm. This offset voltage can be controlled through the
attocube controller via the front panel or remote connection. As the movement of
the attocube is not the slip-stick method described above, it will not produce audio
feedback as it moves.
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Attocube Audible Feedback Mechanism
This feedback mechanism is only possible with an Attocube control module that has
an output frequency range. This is available on control modules like the ANM300
used in this experiment. The ANM300 has an output frequency range of 0 Hz to
10 kHz which can be heard when the attocube is moved, so it can be set to a fre-
quency that one can hear clearly. This frequency will remain constant while the at-
tocube performs its movement however if the movement of the attocube is impeded
the frequency output will change. This makes it obvious when there is something
impeding the movement of the attocube. We can abuse this indication to purpose-
fully wait for a frequency change while moving an attocube, such as when we want
the coupling prism of a substrate to contact a WGMR. When the frequency of the
attocube controller changes we can use that to indicate that whatever is on the at-
tocube slide (such as the coupling prism) has impacted the resonator.
4.6 Attocube-Nanocube Scale Calibration
While the nanocube has a digital readout that can tell us the relative distance from
the resonator, the attocube does not have such a scale. One way to calibrate the scale
is to follow the method presented in [7] and fit the exponential decay of coupling
linewidth (refer to equations 2 and 7-9 in [7]). This gives a calibration scale of 0.1 V
≈ 5 nm.
4.7 Frequency Shift Direction
While we can use the data to see if there is a shift in the frequency of a resonant
mode, there is no way to tell from the data alone if the shift is in the correct direction
or not. To determine the direction of any frequency shift we find, we use the wave-
length meter. First we follow the same steps as above in section to couple light into
the resonator and adjust it such that the coupling contrast is maximised, the mode
line width is minimised and the coupling prism is in a critical coupling spot. Next
we identify a suitable mode (high contrast and narrow line width) to track. We then
use the DC offset knob on the laser controller to manually change the position of
this mode on the oscilloscope screen. We determined that turning the knob clock-
wise resulted in a shift of the mode to the right. We then attenuated the signal to
a very low amplitude as it is easy to overload the wavelength meter. We then plug
the laser fiber into the wavelength meter instead of the experiment and measure the
wavelength. We note this value and then turn the DC offset knob clockwise again.
The result is that a clockwise turn of the DC offset knob reduces the wavelength.
From the basic wave equation
c = f · λ, (4.3)
we know that a reduction in wavelength must be compensated by an increase
in frequency. Because the DC offset is applied equally, there is the same frequency
distribution on the oscilloscope screen. The frequency of the mode has not changed
because we only adjusted the offset and not the physical position of anything that
would change it. This means the area to the left of the mode must have higher fre-
quency values to ensure equation remains satisfied. Therefore when the DC offset
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knob is turned clockwise, we are seeing a decrease in frequency. This is vital infor-
mation because without it we would not be able to conclude which direction the
frequency shift is in.
4.8 Substrate Mounting Orientation
Due to the spherical symmetry of the resonator, it doesn’t matter where the sub-
strates make contact with the resonator. This means it does not matter at what an-
gle the substrates are mounted in the x-y plane. It does matter at what angle the
substrates are mounted in the y-z plane however. Because we are using wax to
mount the substrates, it can be difficult to gauge the angle in the y-z plane. When
the substrate is brought into proximity with the resonator, we can use the attocube
frequency feedback to ensure that the substrate is touching the resonator, but we
cannot know if the interaction surface between the resonator and the substrate is
perpendicular. Ideally the substrates and the resonator would be mounted in the
y-z plane at 0◦ (see figure 4.11a). As these angles are only controlled by eye dur-
ing the substrate mounting process, there can be a few degrees of elevation present.
We look at the substrates under the microscope after they are mounted, and if there
is anything more than a few degrees of elevation the substrate is removed and the
mounting process restarted. Despite there only being a few degrees of elevation,
it is useful to know what effect this can have on our results. Using trigonometry,
we can derive a relationship between the angle and the distance for the resonator-
substrate interaction. We start with the right angled triangle with sides r, r + ∆y and













Where ∆y is the distance between the perpendicular surface of the resonator and
the substrate, r is the minor radius of the resonator and α is the angle of elevation to
the touching edge of the substrate. ∆y is chosen as the displacement amount to keep
consistent with the direction of translation for the nanocube axis. The optimum and
non-optimum cases are demonstrated in figures 4.11a and 4.11b.
To investigate what this means for the distance that we measure, we know that
the minor radius of the resonator is 0.5 mm and used this to generate a range of
angles between to determine how large the resulting displacement would be. The
results can be seen in figure 4.12. What can be seen is that even for small angles there
can be a significant displacement relative to the distance the substrate moves. We see
that an angle of elevation of 10◦ results in a displacement of 8 µm and an angle of
elevation of 5◦ results in a displacement of 2 µm.
As the substrates were all of similar sizes we are able to mitigate fluctuations
in the degree of elevation between substrates. This was due to the identical way
each substrate was mounted. The substrate was placed on a flat surface and an
aluminium slide with hot parafin wax was pressed into each one to adhere them
together. This was followed by mounting the slide with a substrate in a table vice.
Due to the sloped edges on each side of the slide, this meant it could be mounted flat
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in the vice. As the wax was still hot briefly after the mounting process, a toothpick
was used like a rolling pin to level the amount of wax between the substrate and the
slide. The toothpick was pressed down across the centre of the substrate-slide join
while the wax cooled down, further flattening the substrate. As this was repeated
for each substrate and that the substrates and slides were near identical sizes, this
lead to a uniform and flat set of mounted substrates.
4.9 Environment Control
A large potential source of error is in the ambient environment around the setup.
If we do not take any measures to isolate the experiment from a changing environ-
ment, the thermal fluctuations can confound the frequency shift measured during
the experiment (see figure 4.13).
To prevent this, we use a simple cardboard box as an insulator from air-currents
that may be circulating around the setup during the experiment. We place the box
over the setup and cut any material that may block an element of the experiment
such as the light beam to the detector. By placing the box over the setup it is hoped
that the optical table will serve as a thermal stabiliser, being large and metallic allows
it to operate as an effective heat-sink. The box also helps mitigate air currents from
circulating around the resonator.
To further increase the temperature stability of the setup, we built a temperature
stabiliser to fit around the resonator (see figure 4.15). This temperature stabiliser
uses a Peltier device to heat the setup to a specified temperature and the accompa-
nying thermistor serves as a feedback mechanism to ensure the temperature is at the
correct level. To control the Peltier device we use a Thor Labs TED200C tempera-
ture controller. This allows us to set the temperature that we want and operates the
Peltier device until the thermistor reads the same temperature. It can then use the
Peltier and thermistor to maintain a temperature specified to the accuracy of 0.002◦C.
We clamp a block of copper around the brass rod, and use thermally conductive
epoxy to fix the Peltier to one side of the copper. We then drill a small hole in the
copper on the opposite side to mount the thermistor in. The block of copper serves
as an excellent heat conductor, so the heat from the Peltier can be easily transferred
through the copper and into the brass. The Peltier device uses the Peltier effect,
where a current flowing through a boundary between two different conductors can
add or remove heat from the boundary depending on the direction of current flow.
This is known as thermo-electric cooling, and does not involving moving parts. This
means we can use this for of temperature stability without introducing any extra
air-flows around the setup. A heat sink is fixed to one side of the Peltier to build a
thermal gradient between the both sides of the Peltier. This allows it to dump heat
from the heat-sink into the copper when we need the brass rod heated, and dump
heat from the copper into the heat-sink when we want the brass rod cooled.
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(A) The expected results for the program incre-
menting a voltage output. These results were only
obtained after implementing a 500 ms sleep after
each increment in order to overcome the race con-
dition.
















(B) The results of the race condition test. The pro-
gram has not been able to increment the output
voltage and instead can only increase the voltage
by a small amount when it is most of the way
through a sweep. The voltage step seen in the fig-
ure corresponds to a steady output of 5 V in the ab-
sence of the race condition.
FIGURE 4.6: We tested for a race condition by getting the program to
increase its voltage output from 0 V to 5 V in increments of 1 V.
FIGURE 4.7: Photograph of the nanocube controller used. The green-
lights indicate that the internal servo-motors are stabilising the posi-
tion across each axis and the y-axis is showing that the nanocube is
currently 40 µm in the direction of the y-axis.
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FIGURE 4.8: Results of the Michelson interferometer built to calibrate
the nanocube.
FIGURE 4.9: Photograph of an attocube. There are screw holes along
both sides of its top for mounting and is controlled via the single pin
wires seen trailing to the left of the attocube.
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(A) Photograph of the attocube controller with in-
dividual axis modules plugged into the front.
(B) Close up of the display of the ANC300 attocube
controller. The values and status for each axis are
clearly visible.
FIGURE 4.10: The ANC300 attocube controller used in the experi-
ment.
(A) Diagram of substrate mounted without angle
resulting in no displacement.
(B) Diagram of substrate mounted at an angle a re-
sulting in displacement.
FIGURE 4.11: Diagrams of how the orientation of the substrate can
impact the resonator-substrate distance.
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FIGURE 4.12: Impact of the mounting angle of the substrate on the
displacement.













z) No Environmental Control Results



































FIGURE 4.13: Results of running a practice sweep with no environ-
mental control. No substrate was mounted so there was no change in
substrate-resonator distance. As typical sweeps with substrates run
over 30 V this test was left to run for an equivalent period of time.
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FIGURE 4.14: Photograph of environmental control box when placed
over the setup.
FIGURE 4.15: An image of the temperature stabiliser we built to fur-
ther mitigate thermal fluctuations around the experiment. The large
copper block features a hole for the thermistor on one side and the
Peltier device with heat sink can be seen mounted on the other side.






The purpose of this chapter is to discuss the methodology of how the experiment
was conducted to ensure rigorous scientific processes were followed. There will
likely be references to discussions conducted in chapter 2 and chapter 4 where the
underlying methodology of some steps taken in the method will have been ex-
plained in greater detail when they were introduced in their respective chapters.
5.1 Pre-Sweep Calibrations
Before an experiment sweep can begin, there are a number of steps that must be
taken to ensure that the data collection process is as accurate as possible. It is nec-
essary to ensure that light is coupled into the resonator by following the coupling
and refining processes described in section 3.3. Once light is successfully coupled to
the resonator, the experiment laser must be switched on and given enough time to
stabilise. With the laser operational, the desired substrate must be mounted on the
attocube on top of the nanocube. This is best done by first mounting the substrate to
a slide and screwing the slide into the top of the attocube. The nanocube is switched
on and adjusted using the offset dial of the y-axis to move the nanocube position to
99 µm. The substrate is then brought closer to the resonator by using the translation
dial on the translation stage underneath the nanocube. After the rough translation is
complete, the final movement is made by using the attocube on top of the nanocube.
We set the offset of the attocube to 100 V before moving it into place with the step-
ping functionality. The stepping movement is done with the attocube frequency set
to 120 Hz and the attocube voltage set to 12 V. At this frequency and voltage the
movement is slow enough that the substrate can make contact with the resonator
with minimal damage or changes to the coupling conditions. Moving the substrate
faster than this would reduce the time the substrate takes to make contact with the
resonator but carries a higher risk of damaging the resonator. We use the audible
feedback mechanism from the attocube (section 4.5) to indicate when contact be-
tween the resonator and the substrate is made. We then reduce the nanocube offset
by 1 µm to 98 µm and reduce the attocube offset voltage by 100 V to 0 V. We turn on
the temperature controller and check that the connections between the temperature
controller, the thermistor and the Peltier are connected. The cardboard box is then
placed over the setup, this is discussed in section 4.9. The purpose of reducing the
offsets of the attocube and nanocube are to move the substrate out of the evanescent
field of the resonator. When the substrate makes contact it can deform the resonator.
This can change the evanescent field and lead to less conclusive data. Moving the
substrate out of the evanescent field ensures it is not deforming the resonator and
allows us to collect data on the interaction the substrate makes with the evanescent
field when it first enters it during a sweep.
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The scan control on the laser is switched on to couple into the modes of the
resonator. We ensure the detector is plugged into an oscilloscope so that we can
see the modes. As the substrate should have been moved sufficiently outside of the
evanescent field of the resonator, the oscilloscope should display modes from the
light in the resonator unperturbed by the substrate.
We check the polarisation of the light entering the resonator using the method
described in section 5.1.1 below. One must measure the FSR of several modes to
determine the location of the modes within the resonator. We change the oscillo-
scope settings and the laser scan control settings to observe a single mode on the
oscilloscope. We launch the python script described in section 4.3.2 and perform
the calibration process outlined in section 4.3.2 to generate the frequency axis on the
python script oscilloscope. Once the frequency calibration is complete we run a test
sweep by adjusting the position of the coupling prism but without moving the sub-
strate. This generates .dat files for the MATLAB script discussed in section 4.3.3 to
obtain values for the Q-factor and linewidth of the resonator. The calibration pro-
cess is repeated until a mode is found with a suitable linewidth and Q-factor. The
position of the coupling prism is set to match the position during the test sweep that
gives the highest Q-factor, as this position corresponds with the lowest linewidth.
If we are expecting mode broadening to occur, we will modify this potion such
that the resonator is slightly under-coupled. This is a precaution so that when mode
broadening occurs, the increased losses in the resonator keep the coupling regime
from becoming over-coupled slightly longer. This is useful for data analysis as over-
coupling makes it harder to distinguish the frequency of the resonance.
5.1.1 Polarisation Control
We need to control the polarisation of the light entering the setup because we expect
the effects of the dielectric substrates to change depending on if the light couples to
TE or TM polarised modes. We utilise two methods of polarisation control simulta-
neously: a polarising beam splitter (PBS) and a paddle fibre polarisation controller.
The functionality of each of these is described below.
Polarising Beam Splitter
The PBS is a cube comprised of two triangular prisms of different refractive indices
that are then glued together (see figure 5.1a). The cube is mounted on a slide that can
be screwed onto the front of a detector. The different refractive indices allow a PBS
to separate an incident beam into a transmitted beam and a reflected beam where the
transmitted beam and reflected beam have different polarisations (see figure 5.1b).
When mounted in front of a detector, only the transmitted beam will pass through
the PBS and into the detector.
Paddle Fibre Polarisation Controller
The PBS is good for determining the polarisation of light entering the detector, but it
cannot change the polarisation of the light entering the resonator. We use Thorlabs
three-paddle polarization controllers to change the polarisation of the light. This
helps ensure we are coupling into the correct mode polarisation. These controllers
combine a quarter-wave plate, half-wave plate and another quarter-wave plate into
a series that allows one to transform an arbitrary polarisation state into a different
arbitrary polarisation state.
5.1. Pre-Sweep Calibrations 55
(A) Photograph of the PBS used to ensure the cor-
rect polarisation of light is tested.
(B) Diagram showing how the PBS works with an
example light ray passing through it. Note the inci-
dent beam contains both TE and TM polarised light
however the PBS splits this into a reflected beam of
TM light and a transmitted beam of TE light. The
polarisation of the transmitted and reflected beams
is dependant on the orientation of the PBS relative
to the incident light wave.
FIGURE 5.1: The PBS used in the experiment.
The mechanism for this action is in the function of each paddle. Single-mode
fibre is looped several times into a spool that is centred in each paddle. The spools
cause a stress induced birefringence in the fibre. This transforms each paddle into
a fractional wave plate. The three-paddle design contain spools that act as quarter-
wave plates at each end and a half-wave plate in the middle. The amount of birefrin-
gence induced depends on the wave-length of light used, the number of fibre loops
in the spool, and the diameter of the spool. We can form an arbitrary polarisation
state by rotating each of the paddles.
FIGURE 5.2: Photograph of the paddle fibre polarisation controller
used.
Polarisation Test
There is a simple process that can be done to check and modify the polarisation of the
light entering the setup. If we wish to study TE polarised modes, we must minimise
the intensity of the TM polarised modes. To do this we observe the TM polarised
modes on the oscilloscope by orienting the PBS in front of the detector such that the
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reflected beam is TE polarised light and the transmitted beam is TM polarised light.
We then adjust each paddle of the paddle fibre polarisation controller to minimise
the TM polarised light in the transmitted beam. This has the effect of changing the
polarisation of the incident beam to be TE linearly polarised, maximising the inten-
sity of the light in the TE polarised reflected beam. When the PBS is removed from
in front of the detector, this results in seeing only TE polarised modes on the oscillo-
scope. If we wish to study TM polarised modes we can repeat this process with the
orientation of the PBS changed such that the transmitted beam is TE polarised and
the reflected beam is TM polarised.
5.2 Data Collection Method
The method for collecting data is centred mostly on the use of the python script
(section 4.3.2) that receives data from the oscilloscope. After following the pre-sweep
calibrations (section 5.1), the active channel within the script is set to control the
position of the substrate. The substrate should not have moved so remain outside of
the evanescent field of the resonator at this point. We adjust the offset voltage to the
attocube controlling the substrate to be 0.1 V. This avoids floating point zero-error
in python that can prevent the file being analysed in MATLAB. We initiate the data
collection method from within the python script by starting an offset sweep on the
substrates attocube channel. This will incrementally adjust the offset of the attocube
wit the substrate until we stop it or it reaches the limit of the offset voltage for the
attocube. We will stop the offset sweep if the mode disappears, becomes severely
deformed or moves out of the oscilloscope sample range.
We pass the collected data to the MATLAB script to produce the raw result plots.
These plots are useful in identifying any changes in linewidth which could be a sign
of mode broadening if we are testing a substrate nsubstrate > nresonator. We can use
the presence of linewidth changes to tailor the range of motion for the substrate on
subsequent sweeps, if no linewidth changes are present it could be a sign that the
substrate is not interacting with the resonator, possibly being too far away from the
evanescent field of the resonator. If the output of the sweep suggests everything
is working correctly, and there is a sign of interaction between the substrate and
the resonator, the position of the substrate is reset by resetting the offset voltage
of the attocube. Subsequent sweeps are taken with different file names to mitigate
confusion when analysed by MATLAB. Often times it is useful to take a sweep with
the substrate starting close to the resonator and moving away. This can be a useful
sanity check as the direction of any changes should match the direction the substrate
is moving in.
Once a satisfactory amount of data is collected for a single substrate, the box is re-
moved and the attocube is used to move the substrate away from the resonator. Once
there is a visible gap between the substrate and the resonator, the coarse translation
dial below the nanocube is used to move the substrate away from the resonator
faster. Once the substrate is safely out of the way of the resonator, the substrate
is replaced with the next substrate to test and the entire process is repeated with
the same mode remaining on the oscilloscope if possible. The python script allows
for the resetting and recalibrating of the frequency axis without restarting the pro-
gram meaning the optimal position for the coupling prism can be updated part way
through the data collection process. Keeping the same mode in focus makes for a
stronger comparison when generating the relationship between refractive index and
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frequency detuning of the resonator mode as the expected frequency shifts were all





This chapter will discuss the results and analysis of this project. The majority of the
discussion of this experiment will reside in the following chapter (Chapter 7).
6.1 Germanium
6.1.1 TE Mode Sweep
The results of the sweep using the germanium substrate are plotted. Figure 6.1
shows that values remained constant through the majority of the sweep but even-
tually the distance between the resonator and substrate decreased to such a point
that the substrate began to have an impact on the mode. The impact on this mode
can be seen by the change in each of the sub-plots present. Around step 90 it can be
noted that there is an inflection in the frequency shift and the changes in linewidth,
Q-factor and coupling contrast begin to reduce. We note that the step 89.9 must be
the point that we can consider the substrate and resonator to be in contact.
Due to the presence of an ambient shift in the frequency through the majority of
the sweep despite linewidth and Q-factor remaining constant, we can fit a linear line
to the first part of this figure. The results of this linear fit can be seen in figure 6.2.
Here we arbitrarily determine the bounds between which a linear fit is calculated.
For the germanium mode sweep the bounds of 50 and 67 were selected for the linear
fit. 67 was chosen due to its distance from the position where the linewidth and
Q-factor begin to change. We can subtract this linear fit to produce a clearer plot of
the effect that the substrate has had on the frequency of the mode. This can be seen
in sub-plot 3 where an obvious blue-shift can be noted. The error for the frequency
shift is calculated from the standard deviation of the linear fit line where σ = 4.67.
The pseudo-colour plot (figure 6.3 highlights where any change in intensity of
the light at the detector may have occurred. For the germanium substrate sweep we
can see an obvious colour change in the mode from step 88 until step 90 at the end
of the sweep range.
6.1.2 TM Mode Sweep
The results of the sweep using the germanium substrate are plotted. Figure 6.4
shows that linewidth remained constant through the majority of the sweep but in-
creased around step 33. Around step 33 it can be noted that there is a sudden change
in linewidth, Q-factor and coupling contrast. We note that the step 33 must be the
point that we can consider the substrate and resonator to be in contact.
Due to the presence of an ambient shift in the frequency through the majority of
the sweep despite linewidth and Q-factor remaining constant, we can fit a linear line
to the first part of this figure. The results of this linear fit can be seen in figure 6.5.
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Here we arbitrarily determine the bounds between which a linear fit is calculated.
For the germanium mode sweep the bounds of 10 and 23 were selected for the linear
fit. 23 was chosen due to its distance from the position where the linewidth and
Q-factor begin to change. We can subtract this linear fit to produce a clearer plot
of the effect that the substrate has had on the frequency of the mode. This can be
seen in sub-plot 3 where a red-shift can be noted. The error for the frequency shift is
calculated from the standard deviation of the linear fit line where σ = 0.66.
The pseudo-colour plot (figure 6.6 highlights where any change in intensity of
the light at the detector may have occurred. For the germanium substrate sweep we
can see an obvious colour change in the mode from step 33 until step 35 at the end
of the sweep range.
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z) Ge Substrate (TE) Results



































FIGURE 6.1: Raw output of the MATLAB script for the germanium
substrate.
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z) Ge Substrate (TE) Frequency Shift - Linewidth



























Ge Substrate (TE) Frequency Shift - Linear Removed
FIGURE 6.2: Analysed output of the MATLAB script for the germa-
nium substrate. The second sub-figure features a linear fit line set at
a step number before the substrate enters the evanescent field of the
resonator. The third figures shows a more accurate frequency shift
when the linear fit is removed from the shift data.
FIGURE 6.3: A pseudo-colour plot of the tested mode. The colour
represents the intensity of the light at the detector. The dark line in-
dicates the relative frequency of the mode and shows how it changed
over the duration of the sweep.
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z) Ge Substrate (TM) Results



































FIGURE 6.4: Raw output of the MATLAB script for the germanium
substrate.
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z) Ge Substrate (TM) Frequency Shift - Linewidth



























Ge Substrate (TM) Frequency Shift - Linear Removed
FIGURE 6.5: Analysed output of the MATLAB script for the germa-
nium substrate. The second sub-figure features a linear fit line set at
a step number before the substrate enters the evanescent field of the
resonator. The third figures shows a more accurate frequency shift
when the linear fit is removed from the shift data.
FIGURE 6.6: A pseudo-colour plot of the tested mode. The colour
represents the intensity of the light at the detector. The dark line in-
dicates the relative frequency of the mode and shows how it changed
over the duration of the sweep.
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6.2 Silicon
6.2.1 TE Mode Sweep
The results of the sweep using the silicon substrate are plotted. Figure 6.7 shows that
linewidth, Q-factor and coupling contrast remained constant from the beginning of
the sweep until step 20 where they begin to change. The silicon substrate results
show a large amount of resemblance to the germanium results but the step values
that changes to linewidth and Q-factor begin to occur at is much less than for germa-
nium. At step 25 it can be noted that there is an inflection in the frequency shift and
the changes in linewidth, Q-factor and coupling contrast begin to reduce. We note
that the step 25.5 must be the point that we can consider the substrate and resonator
to be in contact.
There remains the presence of an ambient shift in the frequency through the ma-
jority of the sweep similar to the one noted for germanium. The gradient of the shift
for silicon appears to be less than the gradient of the shift present in germanium. We
fit a linear line to the first part of this figure to make the effect of the substrate more
apparent. The results of this linear fit can be seen in figure 6.8. Here we arbitrarily
determine the bounds between which a linear fit is calculated. For the silicon mode
sweep the bounds of 0 and 13 were selected for the linear fit. 13 was chosen due
to its distance from the position where the linewidth and Q-factor begin to change.
We can subtract this linear fit to produce a clearer plot of the effect that the substrate
has had on the frequency of the mode. This can be seen in sub-plot 3 where a blue-
shift can be noted. The error for the frequency shift is calculated from the standard
deviation of the linear fit line where σ = 1.25.
The pseudo-colour plot (figure 6.9 displays a clear boundary where a change in
the intensity of the light at the detector can be seen. For the silicon substrate sweep
we can see an obvious colour change in the mode from step 24 until step 30 at the
end of the sweep range.
6.2.2 TM Mode Sweep
The results of the sweep using the silicon substrate are plotted. Figure 6.10 shows
that linewidth remained constant from the beginning of the sweep until step 31
where it begins to increase. At step 35 it can be noted that there is an inflection
in the linewidth. We note that the step 35.1 must be the point that we can con-
sider the substrate and resonator to be in contact, proven further by reference to the
pseudo-colour plot.
There remains the presence of an ambient shift in the frequency through the ma-
jority of the sweep, with an inflection at step 23. We fit a linear line to the first part of
this figure to make the effect of the substrate more apparent. The results of this lin-
ear fit can be seen in figure 6.11. Here we arbitrarily determine the bounds between
which a linear fit is calculated. For the silicon mode sweep the bounds of 10 and 23
were selected for the linear fit. 23 was chosen due to its distance from the position
where the linewidth and Q-factor begin to change. We can subtract this linear fit to
produce a clearer plot of the effect that the substrate has had on the frequency of
the mode. This can be seen in sub-plot 3 where a blue-shift can be noted. The error
for the frequency shift is calculated from the standard deviation of the linear fit line
where σ = 1.26.
The pseudo-colour plot (figure 6.12 displays a clear boundary where a change in
the intensity of the light at the detector can be seen. For the silicon substrate sweep
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we can see an obvious colour change in the mode from step 34 until step 40 at the
end of the sweep range.
6.2. Silicon 67













z) Si Substrate (TE) Results


































FIGURE 6.7: Raw output of the MATLAB script for the silicon sub-
strate.
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z) Si Substrate (TE) Frequency Shift - Linewidth





























Si Substrate (TE) Frequency Shift - Linear Removed
FIGURE 6.8: Analysed output of the MATLAB script for the silicon
substrate. The second subfigure features a linear fit line set at a step
number before the substrate enters the evanescent field of the res-
onator. The third figures shows a more accurate frequency shift when
the linear fit is removed from the shift data.
FIGURE 6.9: A pseudo-colour plot of the tested mode. The colour
represents the intensity of the light at the detector. The dark line in-
dicates the relative frequency of the mode and shows how it changed
over the duration of the sweep.
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z) Si Substrate (TM) Results


































FIGURE 6.10: Raw output of the MATLAB script for the silicon sub-
strate.
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z) Si Substrate (TM) Frequency Shift - Linewidth


























Si Substrate (TM) Frequency Shift - Linear Removed
FIGURE 6.11: Analysed output of the MATLAB script for the silicon
substrate. The second subfigure features a linear fit line set at a step
number before the substrate enters the evanescent field of the res-
onator. The third figures shows a more accurate frequency shift when
the linear fit is removed from the shift data.
FIGURE 6.12: A pseudo-colour plot of the tested mode. The colour
represents the intensity of the light at the detector. The dark line in-
dicates the relative frequency of the mode and shows how it changed
over the duration of the sweep.
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6.3 Zinc Selenide
6.3.1 TE Mode Sweep
The results of the sweep using the zinc selenide substrate are plotted. Figure 6.13
shows that linewidth, Q-factor and coupling contrast remained constant through
from the beginning of the sweep until step 17 where they begin to change. A small
oscillation can be seen in the coupling contrast and Q-factor from step 0 to step 5
however the oscillation does not appear to change the value by a significant amount.
The zinc selenide substrate results show a resemblance to the previous TE results for
the changes in linewidth and Q-factor however the shape of the frequency shift sub-
plot is noticeably different. There is no inflection point present in the frequency shift
but an increase in gradient of the frequency shift line can be seen after step 21. The
range of step values for this sweep is similar to the range of step values present in
the silicon substrate results. At step 22 it can be noted that there is a large change
in the coupling contrast and linewidth of the mode. The presence of discontinuous
jumps after this step suggests that we can note that the step 22.6 must be the point
that we can consider the substrate and resonator to be in contact.
The ambient shift in the frequency shift of the mode remains in the zinc selenide
substrate sweep results. We repeat the application of fitting a linear line to the first
part of this figure to make the effect of the substrate more apparent. The results of
this linear fit can be seen in figure 6.14. Here we arbitrarily determine the bounds of
0 and 14 between which a linear fit is calculated. 14 was chosen due to its distance
from the designated contact position of the resonator and substrate. We can subtract
this linear fit to produce a clearer plot of the effect that the substrate has had on
the frequency of the mode. This can be seen in sub-plot 3 where a red-shift can be
noted. The error for the frequency shift is calculated from the standard deviation of
the linear fit line where σ = 1.87.
The pseudo-colour plot (figure 6.15 displays a clear boundary where a change in
the intensity of the light at the detector can be seen. For the zinc selenide substrate
sweep we can see an obvious colour change in the mode at step 20 and the mode
becomes indistinguishable from the background after step 23.
6.3.2 TM Mode Sweep
The results of the sweep using the zinc selenide substrate are plotted. Figure 6.16
shows that linewidth, Q-factor and coupling contrast remained constant through
from the beginning of the sweep until step 31 where they begin to change. At step
33 it can be noted that there is a large change in the coupling contrast and linewidth
of the mode. The presence of discontinuous jumps after this step suggests that we
can note that the step 33.3 must be the point that we can consider the substrate and
resonator to be in contact.
The ambient shift in the frequency shift of the mode remains in the zinc selenide
substrate sweep results. We repeat the application of fitting a linear line to the first
part of this figure to make the effect of the substrate more apparent. The results of
this linear fit can be seen in figure 6.17. Here we arbitrarily determine the bounds of
0 and 18 between which a linear fit is calculated. 18 was chosen due to its distance
from the designated contact position of the resonator and substrate. We can subtract
this linear fit to produce a clearer plot of the effect that the substrate has had on
the frequency of the mode. This can be seen in sub-plot 3 where a red-shift can be
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noted. The error for the frequency shift is calculated from the standard deviation of
the linear fit line where σ = 3.03.
The pseudo-colour plot (figure 6.18 displays a clear boundary where a change in
the intensity of the light at the detector can be seen. For the zinc selenide substrate
sweep we can see an obvious colour change in the mode at step 34.
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z) ZnSe Substrate (TE) Results




































FIGURE 6.13: Raw output of the MATLAB script for the zinc selenide
substrate.
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z) ZnSe Substrate (TE) Frequency Shift - Linewidth



























ZnSe Substrate (TE) Frequency Shift - Linear Removed
FIGURE 6.14: Analysed output of the MATLAB script for the zinc
selenide substrate. The second subfigure features a linear fit line set at
a step number before the substrate enters the evanescent field of the
resonator. The third figures shows a more accurate frequency shift
when the linear fit is removed from the shift data.
FIGURE 6.15: A pseudo-colour plot of the tested mode. The colour
represents the intensity of the light at the detector. The dark line in-
dicates the relative frequency of the mode and shows how it changed
over the duration of the sweep.
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z) ZnSe Substrate (TM) Results


































FIGURE 6.16: Raw output of the MATLAB script for the zinc selenide
substrate.
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z) ZnSe Substrate (TM) Frequency Shift - Linewidth


























ZnSe Substrate (TM) Frequency Shift - Linear Removed
FIGURE 6.17: Analysed output of the MATLAB script for the zinc
selenide substrate. The second subfigure features a linear fit line set at
a step number before the substrate enters the evanescent field of the
resonator. The third figures shows a more accurate frequency shift
when the linear fit is removed from the shift data.
FIGURE 6.18: A pseudo-colour plot of the tested mode. The colour
represents the intensity of the light at the detector. The dark line in-
dicates the relative frequency of the mode and shows how it changed
over the duration of the sweep.
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6.4 Zinc Sulfide
6.4.1 TE Mode Sweep
The results of the sweep using the zinc sulfide substrate are plotted. Figure 6.19
shows that linewidth, Q-factor and coupling contrast remained constant through
from the beginning of the sweep until step 13 where they begin to change. A small
oscillation can be seen in the linewidth and Q-factor from step 19 to step 22 however
the oscillation appears to occur after the values have already changed significantly
from their constant values from earlier in the sweep. The zinc sulfide substrate re-
sults show a resemblance to the previous results for the changes in linewidth, Q-
factor and coupling contrast. The shape of the frequency shift sub-plot bears a sim-
ilar shape to that seen in the zinc selenide substrate results. We can notice a slight
change in the shape of the frequency shift curve that occurs after step 18. A combina-
tion of the position of this shape change and the position of the changes to linewidth
and Q-factor suggest that we can note that the step 18.5 must be the point that we
can consider the substrate and resonator to be in contact.
The ambient shift in the frequency shift of the mode remains in the zinc sulfide
substrate sweep results. We repeat the application of fitting a linear line to the first
part of this figure to make the effect of the substrate more apparent. The results of
this linear fit can be seen in figure 6.20. Here we arbitrarily determine the bounds
of 0 and 8 between which a linear fit is calculated. 8 was chosen due to its distance
from the designated contact position of the resonator and substrate. We can subtract
this linear fit to produce a clearer plot of the effect that the substrate has had on
the frequency of the mode. This can be seen in sub-plot 3 where a red-shift can be
noted. The error for the frequency shift is calculated from the standard deviation of
the linear fit line where σ = 3.12.
The pseudo-colour plot (figure 6.21 displays a clear boundary where a change in
the intensity of the light at the detector can be seen. For the zinc sulfide substrate
sweep we can see an obvious colour change in the mode at step 17 and the mode
becomes indistinguishable from the background after step 19.
6.4.2 TM Mode Sweep
The results of the sweep using the zinc sulfide substrate are plotted. Figure 6.22
shows that linewidth, Q-factor and coupling contrast remained constant through
from the beginning of the sweep until step 17 where they begin to change. We can
notice a slight kink in the shape of the frequency shift curve that occurs at step 13
however there is more evidence from the =other measurements to suggest that the
step 19.9 must be the point that we can consider the substrate and resonator to be in
contact.
The ambient shift in the frequency shift of the mode remains in the zinc sulfide
substrate sweep results. We repeat the application of fitting a linear line to the first
part of this figure to make the effect of the substrate more apparent. The results of
this linear fit can be seen in figure 6.23. Here we arbitrarily determine the bounds of
0 and 10 between which a linear fit is calculated. 10 was chosen due to its distance
from the designated contact position of the resonator and substrate. We can subtract
this linear fit to produce a clearer plot of the effect that the substrate has had on
the frequency of the mode. This can be seen in sub-plot 3 where a red-shift can be
noted. The error for the frequency shift is calculated from the standard deviation of
the linear fit line where σ = 1.49.
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The pseudo-colour plot (figure 6.24 displays a clear boundary where a change in
the intensity of the light at the detector can be seen. For the zinc sulfide substrate
sweep we can see an obvious colour change in the mode at step 20.
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z) ZnS Substrate (TE) Results



































FIGURE 6.19: Raw output of the MATLAB script for the zinc sulfide
substrate.
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z) ZnS Substrate (TE) Frequency Shift - Linewidth



























ZnS Substrate (TE) Frequency Shift - Linear Removed
FIGURE 6.20: Analysed output of the MATLAB script for the zinc
sulfide substrate. The second subfigure features a linear fit line set at
a step number before the substrate enters the evanescent field of the
resonator. The third figures shows a more accurate frequency shift
when the linear fit is removed from the shift data.
FIGURE 6.21: A pseudo-colour plot of the tested mode. The colour
represents the intensity of the light at the detector. The dark line in-
dicates the relative frequency of the mode and shows how it changed
over the duration of the sweep.
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z) ZnS Substrate (TM) Results




































FIGURE 6.22: Raw output of the MATLAB script for the zinc sulfide
substrate.
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z) ZnS Substrate (TM) Frequency Shift - Linewidth


























ZnS Substrate (TM) Frequency Shift - Linear Removed
FIGURE 6.23: Analysed output of the MATLAB script for the zinc
sulfide substrate. The second subfigure features a linear fit line set at
a step number before the substrate enters the evanescent field of the
resonator. The third figures shows a more accurate frequency shift
when the linear fit is removed from the shift data.
FIGURE 6.24: A pseudo-colour plot of the tested mode. The colour
represents the intensity of the light at the detector. The dark line in-
dicates the relative frequency of the mode and shows how it changed
over the duration of the sweep.
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6.5 Sapphire
6.5.1 TE Mode Sweep
The results of the sweep using the sapphire substrate are plotted. Figure 6.25 shows
that linewidth, Q-factor and coupling contrast fluctuate seemingly randomly through
the majority of the sweep. The oscillation in linewidth appears to fluctuate about a
value of 5 MHz, the oscillation in Q-factor appears to fluctuate about a value of 4e7
and the coupling contrast appears to oscillate about a value of 0.9. We can notice a
slight change in the shape of the frequency shift curve that occurs after step 7. Closer
examination of the linewidth, Q-factor and coupling contrast from step 7 to step 10
show that the sub-plots become more discontinuous compared to data between step
0 and step 7. We can use the presence of this discontinuity to note that step 7 must
be the point that we can consider the substrate and resonator to be in contact.
The ambient shift in the frequency shift of the mode remains in the sapphire
substrate sweep results. We repeat the application of fitting a linear line to the first
part of this figure to make the effect of the substrate more apparent. The results of
this linear fit can be seen in figure 6.26. Here we arbitrarily determine the bounds
of 0 and 4 between which a linear fit is calculated. 4 was chosen due to its distance
from the designated contact position of the resonator and substrate. We can subtract
this linear fit to produce a clearer plot of the effect that the substrate has had on
the frequency of the mode. This can be seen in sub-plot 3 where a red-shift can be
noted. The error for the frequency shift is calculated from the standard deviation of
the linear fit line where σ = 2.27.
The pseudo-colour plot (figure 6.27 does not show where a change in the inten-
sity of the light at the detector can be seen. For the sapphire substrate sweep there is
no colour change but discontinuous jumps can be seen around step 9.
6.5.2 TM Mode Sweep
The results of the sweep using the sapphire substrate are plotted. Figure 6.28 shows
that linewidth is mostly constant throughout the sweep but increases after step 30.
We can notice a slight change in the shape of the frequency shift curve that occurs
after step 26. We note that step 30.4 must be the point that we can consider the
substrate and resonator to be in contact. due to the change in shape of the traces at
this step.
The ambient shift in the frequency shift of the mode remains in the sapphire
substrate sweep results. We repeat the application of fitting a linear line to the first
part of this figure to make the effect of the substrate more apparent. The results of
this linear fit can be seen in figure 6.29. Here we arbitrarily determine the bounds of
0 and 26 between which a linear fit is calculated. 26 was chosen due to its distance
from the designated contact position of the resonator and substrate. We can subtract
this linear fit to produce a clearer plot of the effect that the substrate has had on
the frequency of the mode. This can be seen in sub-plot 3 where a red-shift can be
noted. The error for the frequency shift is calculated from the standard deviation of
the linear fit line where σ = 1.21.
The pseudo-colour plot (figure 6.30 shoes a second mode forming at step 35 This
suggests the substrate has already made contact with the resonator by this point.
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z) Sapphire Substrate (TE) Results



































FIGURE 6.25: Raw output of the MATLAB script for the sapphire sub-
strate.
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z) Sapphire Substrate (TE) Frequency Shift - Linewidth


























Sapphire Substrate (TE) Frequency Shift - Linear Removed
FIGURE 6.26: Analysed output of the MATLAB script for the sap-
phire substrate. The second subfigure features a linear fit line set at
a step number before the substrate enters the evanescent field of the
resonator. The third figures shows a more accurate frequency shift
when the linear fit is removed from the shift data.
FIGURE 6.27: A pseudo-colour plot of the tested mode. The colour
represents the intensity of the light at the detector. The dark line in-
dicates the relative frequency of the mode and shows how it changed
over the duration of the sweep.
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z) Sapphire Substrate (TM) Results




































FIGURE 6.28: Raw output of the MATLAB script for the sapphire sub-
strate.
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Sapphire Substrate (TM) Frequency Shift - Linear Removed
FIGURE 6.29: Analysed output of the MATLAB script for the sap-
phire substrate. The second subfigure features a linear fit line set at
a step number before the substrate enters the evanescent field of the
resonator. The third figures shows a more accurate frequency shift
when the linear fit is removed from the shift data.
FIGURE 6.30: A pseudo-colour plot of the tested mode. The colour
represents the intensity of the light at the detector. The dark line in-
dicates the relative frequency of the mode and shows how it changed
over the duration of the sweep.
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6.6 Optical Glass
6.6.1 TE Mode Sweep
The results of the sweep using the optical glass substrate are plotted. Figure 6.31
shows that no values remained constant throughout the sweep. Oscillations can be
seen in the linewidth, Q-factor and coupling contrast up to step 35. Beyond step
40 it is hard to distinguish the true value of the linewidth or the Q-factor for the
optical glass substrate sweep. The linewidth appears to fluctuate about 5.8 MHz up
to step 35 and Q-factor appears to fluctuate about 3.3e7 up to step 35. The shape
of the frequency shift sub-plot bears a similar shape to that seen in the previous
substrate results however there appears to be more instability. It would seem that
the appearance of the change in linewidth, Q-factor and coupling contrast occurring
near the same step suggests that we can note that the step 39.6 as the point that we
can consider the substrate and resonator to be in contact.
The ambient shift in the frequency shift of the mode remains in the optical glass
substrate sweep results. We repeat the application of fitting a linear line to the first
part of this figure to make the effect of the substrate more apparent. The results of
this linear fit can be seen in figure 6.32. Here we arbitrarily determine the bounds of
0 and 17 between which a linear fit is calculated. 17 was chosen due to its distance
from the designated contact position of the resonator and substrate. We can subtract
this linear fit to produce a clearer plot of the effect that the substrate has had on the
frequency of the mode. This can be seen in sub-plot 3. There isn’t an obvious red or
blue shift to the frequency and the error of the frequency at that position suggests
that either direction of shift is likely. The error for the frequency shift is calculated
from the standard deviation of the linear fit line where σ = 1.61.
The pseudo-colour plot (figure 6.33 highlights the discontinuities in the position
of the mode after step 38. There are otherwise no obvious places where the mode
changes colour or shape.
6.6.2 TM Mode Sweep
The results of the sweep using the optical glass substrate are plotted. Figure 6.34
shows that no values remained constant throughout the sweep. It would seem that
the appearance of the change in linewidth near the same step suggests that we can
note that the step 40 as the point that we can consider the substrate and resonator to
be in contact. This is further confirmed by the presence of mode broadening on the
pseudo-colour plot.
The ambient shift in the frequency shift of the mode remains in the optical glass
substrate sweep results. We repeat the application of fitting a linear line to the first
part of this figure to make the effect of the substrate more apparent. The results of
this linear fit can be seen in figure 6.35. Here we arbitrarily determine the bounds of
0 and 32 between which a linear fit is calculated. 32 was chosen due to its distance
from the designated contact position of the resonator and substrate. We can subtract
this linear fit to produce a clearer plot of the effect that the substrate has had on the
frequency of the mode. This can be seen in sub-plot 3. There isn’t an obvious red or
blue shift to the frequency and the error of the frequency at that position suggests
that either direction of shift is likely. The error for the frequency shift is calculated
from the standard deviation of the linear fit line where σ = 3.1.
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The pseudo-colour plot (figure 6.36 highlights the discontinuities in the position
of the mode after step 38. There are otherwise no obvious places where the mode
changes colour or shape.
90 Chapter 6. Experimental Results













z) Optical Glass Substrate (TE) Results




































FIGURE 6.31: Raw output of the MATLAB script for the optical glass
substrate.
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z) Optical Glass Substrate (TE) Frequency Shift - Linewidth


























Optical Glass Substrate (TE) Frequency Shift - Linear Removed
FIGURE 6.32: Analysed output of the MATLAB script for the optical
glass substrate. The second subfigure features a linear fit line set at
a step number before the substrate enters the evanescent field of the
resonator. The third figures shows a more accurate frequency shift
when the linear fit is removed from the shift data.
FIGURE 6.33: A pseudo-colour plot of the tested mode. The colour
represents the intensity of the light at the detector. The dark line in-
dicates the relative frequency of the mode and shows how it changed
over the duration of the sweep.
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z) Optical Glass Substrate (TM) Results




































FIGURE 6.34: Raw output of the MATLAB script for the optical glass
substrate.
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z) Optical Glass Substrate (TM) Frequency Shift - Linewidth



























Optical Glass Substrate (TM) Frequency Shift - Linear Removed
FIGURE 6.35: Analysed output of the MATLAB script for the optical
glass substrate. The second subfigure features a linear fit line set at
a step number before the substrate enters the evanescent field of the
resonator. The third figures shows a more accurate frequency shift
when the linear fit is removed from the shift data.
FIGURE 6.36: A pseudo-colour plot of the tested mode. The colour
represents the intensity of the light at the detector. The dark line in-
dicates the relative frequency of the mode and shows how it changed
over the duration of the sweep.
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6.7 Calcium Fluoride
6.7.1 TE Mode Sweep
The results of the sweep using the calcium fluoride substrate are plotted. Figure
6.37 shows that no values remained constant throughout the sweep. Oscillations
can be seen in the linewidth, Q-factor and coupling contrast for the entirety of the
substrate sweep. The linewidth appears to fluctuate about 3.3 MHz and Q-factor
appears to fluctuate about 6.2e7. The shape of the frequency shift sub-plot bears a
similar shape to that seen in the previous substrate results. There is a slight kink in
the frequency shift curve at step 50. Also at step 50 the shape of the linewidth and
Q-factor curves change slightly with more discontinuities occurring. As the position
of the discontinuities in linewidth and Q-factor coincide with the change in gradient
of the frequency shift curve, we can note step 49.5 as the point that we can consider
the substrate and resonator to be in contact.
The ambient shift in the frequency shift of the mode remains in the calcium flu-
oride substrate sweep results. We repeat the application of fitting a linear line to
the first part of this figure to make the effect of the substrate more apparent. The
results of this linear fit can be seen in figure 6.38. Here we arbitrarily determine the
bounds of 30 and 42 between which a linear fit is calculated. 42 was chosen due to
its distance from the designated contact position of the resonator and substrate. We
can subtract this linear fit to produce a clearer plot of the effect that the substrate has
had on the frequency of the mode. This can be seen in sub-plot 3 where a slight red
shift can be noticed. The error for the frequency shift is calculated from the standard
deviation of the linear fit line where σ = 4.41.
The pseudo-colour plot (figure 6.39 highlights the change in gradient of the fre-
quency shift curve. There are otherwise no obvious places where the mode changes
colour or shape.
6.7.2 TM Mode Sweep
The results of the sweep using the calcium fluoride substrate are plotted. Figure 6.40
shows that linewidth remained constant throughout the sweep. There is a kink in
the frequency shift curve at step 16. we can note step 16.5 as the point that we can
consider the substrate and resonator to be in contact, as this is the step where both
the dielectric shift and the coupling contrast are altered.
The ambient shift in the frequency shift of the mode remains in the calcium flu-
oride substrate sweep results. We repeat the application of fitting a linear line to the
first part of this figure to make the effect of the substrate more apparent. The results
of this linear fit can be seen in figure 6.41. Here we arbitrarily determine the bounds
of 0 and 10 between which a linear fit is calculated. 46 was chosen due to its distance
from the designated contact position of the resonator and substrate. We can subtract
this linear fit to produce a clearer plot of the effect that the substrate has had on the
frequency of the mode. This can be seen in sub-plot 3 where a slight red shift can be
noticed. The error for the frequency shift is calculated from the standard deviation
of the linear fit line where σ = 0.63.
The pseudo-colour plot (figure 6.42 highlights the change in gradient of the fre-
quency shift curve. There are otherwise no obvious places where the mode changes
colour or shape.
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z) CaF2 Substrate (TM) Results




































FIGURE 6.37: Raw output of the MATLAB script for the calcium flu-
oride substrate.
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z) CaF2 Substrate (TM) Frequency Shift - Linewidth




























CaF2 Substrate (TM) Frequency Shift - Linear Removed
FIGURE 6.38: Analysed output of the MATLAB script for the calcium
fluoride substrate. The second subfigure features a linear fit line set at
a step number before the substrate enters the evanescent field of the
resonator. The third figures shows a more accurate frequency shift
when the linear fit is removed from the shift data.
FIGURE 6.39: A pseudo-colour plot of the tested mode. The colour
represents the intensity of the light at the detector. The dark line in-
dicates the relative frequency of the mode and shows how it changed
over the duration of the sweep.
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z) CaF2 Substrate (TM) Results



































FIGURE 6.40: Raw output of the MATLAB script for the calcium flu-
oride substrate.
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CaF2 Substrate (TM) Frequency Shift - Linear Removed
FIGURE 6.41: Analysed output of the MATLAB script for the calcium
fluoride substrate. The second subfigure features a linear fit line set at
a step number before the substrate enters the evanescent field of the
resonator. The third figures shows a more accurate frequency shift
when the linear fit is removed from the shift data.
FIGURE 6.42: A pseudo-colour plot of the tested mode. The colour
represents the intensity of the light at the detector. The dark line in-
dicates the relative frequency of the mode and shows how it changed
over the duration of the sweep.
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Frequency Detuning By Substrate
TE
TM
(A) Here we take the results of the fre-
quency shift of the mode from each sub-
strate at their respective contact points
to show the effect that the change in re-
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(B) Foreman figure 3a is reinserted here
for reference.
FIGURE 6.43: In this figure we see the results of the refractive index
of the substrate on mode broadening. Sub figure 6.43a contains the
experimental results generated from this research. Sub figure 6.43b
contains the theory taken from Foreman et al. (2016) [5]. These are
placed side-by-side such that a comparison between theory and ex-
periment can be made.
6.8 Substrate Refractive Index Effects on WGMR Modes
As we aim to investigate the relationship proposed in Foreman et al., we need to
measure the frequency detuning and mode broadening figures. To do this we note
the position where the substrate can be considered in contact with the resonator. This
point provides a comparable measure across the substrates. The refractive indices
for the substrates are recalled from table 4.1.
We evaluate the frequency shift of each of the substrates on their respective
modes and plot this relationship. This can be seen in figure 6.43. We also retain
the error bars from each of the individual sweeps as the error will be equivalent
from when it was calculated for each mode, seen in figure 6.43a. When compared
with figure 6.43b, we can see that a similar shape emerges in our recreation of the
figure. The main point of difference is that the zinc selenide substrate is not expected
to have the largest red-shift of the substrates tested. Furthermore, the zinc sulfide
substrate was expected to have red-shifted the mode by a greater amount than it
did. Finally the amount of error on the germanium (TE) and calcium fluoride (TE)
substrates is large when compared with the other substrates tested.
There is similar agreement among the shape of the TM frequency tuning plot. It
has a similar shape yet the inflection point is expected to be at the refractive index of
zinc selenide and not at silicon as is shown in the figure.
We also evaluate the mode broadening noted in figure 4.2 from Foreman et al.
We measure this relationship by determining the linewidth of the mode at the point
of contact between the substrate and resonator and subtract from it the linewidth
of the mode at a distance considered far away from the resonator, the linear fit line
boundary. This is simple to do for the substrates of higher refractive index than
lithium niobate as they provide an out-coupling channel that introduces losses into
the system and causes the mode to broaden. It is much more difficult to accurately
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Mode Broadening By Substrate
TE
TM
(A) Here we take the results of the broad-
ening of the mode from each substrate
at their respective contact points to show
the effect that the change in refractive in-
dex has on the broadening of a mode.
(B) Foreman figure 3b is reinserted here
for reference.
FIGURE 6.44: In this figure we see the results of the refractive index
of the substrate on mode broadening. Sub figure 6.44a contains the
experimental results generated from this research. Sub figure 6.44b
contains the theory taken from Foreman et al. (2016) [5]. These are
placed side-by-side such that a comparison between theory and ex-
periment can be made.
measure the mode-broadening of the substrates that have refractive indexes below
that of lithium niobate, because there is no obvious point at which the substrate has
entered the evanescent field.
Once the mode-broadening has been determined, this is plotted against the re-
fractive index of the respective substrate. The results of this can be seen in figure
6.44. In figure 6.44a, the results of this experiment can be seen. These values are
built from the results of each substrate as seen earlier in this chapter. We can com-
pare this to figure 6.44b, we can see that the shape is very similar for TE. The first
difference is in the magnitude of the mode-broadening expected. From the theory
we would expect zinc selenide to have a larger amount of mode broadening com-
pared to the results. There is good agreement between the substrates with refractive
index below lithium niobate (calcium fluoride, optical glass and sapphire) and the
theory, as none of these substrates underwent any significant mode broadening and
they all have values close to zero. The reason for them not having zero mode broad-
ening is likely due to the way the mode broadening was measured. The magnitudes
of the mode-broadening experienced by germanium and silicon was also expected
to be greater than the results.
The mode-broadening of the TM modes only show a slight resemblance in the
shape between the theory and experiment. The magnitudes of the broadening are
off by an order of magnitude and it appears that we get mode broadening for the
zinc sulfide substrate and the optical glass substrate, both of which have refractive




The purpose of this chapter is to discuss in greater depth the results and analysis
seen in Chapter 6. We will discuss the results in more detail before looking at the
conclusions that can be drawn from this experiment. We will end this chapter with
an outlook on the future of this research going forward.
7.1 Analysis
The results resemble the shapes of the figures from the theory but there appears to be
disagreement between the magnitudes of the expected shifts and mode broadenings
and the results collected in this thesis. One of the first possible sources is noticing
that there appeared to be random fluctuations in the linewidth and the Q-factor for
the substrates that had a refractive index lower than lithium niobate. Conversely, the
linewidths and Q-factors for the substrates that had higher refractive indices than
lithium niobate appeared to be very stable. The follow-up issue to these fluctuations
is that it makes determining where the resonator and substrate are in contact much
harder. It is easy to discern where the resonator and substrate are in contact when
the substrate has a refractive index larger than the resonator, as the process of mode-
broadening out couples light and gives an indication that the substrate is at least in
close proximity to the evanescent field of the resonator, if not directly within it.
There are very few factors that could influence this, the windows are all approx-
imately the same dimensions so it is unlikely to be caused by the relative sizes of the
substrates. Furthermore it is not a consequence of the frequency scale as we can re-
move the mode-broadening of germanium and still see a more uniform distribution
of points that the fluctuating substrates cannot replicate.
The temperature control of the setup is also unlikely to be a factor as the substrate
sweeps were conducted with the thermistor reading similar temperatures each time.
Temperature control will be discussed in more detail in section 7.3 below.
It is also unlikely to be related to the experimental methodology as the same
processes were followed for each substrate. The range of movement of the substrate
was not kept constant however the range of movement for the optical glass substrate
was similar to the range of movement of the silicon substrate so it is unlikely related
to the size or distances moved by the substrates during testing.
Finally, the fluctuations are unlikely to be the result of the choice of mode we
studied when collecting data. It was very difficult to stabilise the setup for long
enough to observe the same mode over the course of collecting data on all seven
substrates. As a result we often had to use different modes. While we understand
that the theory was based on the idea of retaining the same mode, this was simply
not practical in the scope of this experiment. Using different modes between the
substrates with higher refractive indices appears to have had little impact on the
stability of the linewidth and Q-factor of the observed mode. We do expect that
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changing the observed mode would change the results expected. If we observed the
same mode, this mode would likely have had a similar Q-factor and linewidth for
the duration of the data collection. As the mode would be constant it would also
have constant mode numbers. This has implications for comparing the frequency
shift between substrates as light coupling into a mode with different mode numbers
will experience a slightly different index of refraction inside the resonator. This in
turn can change the size of the evanescent field and therefore changing how the sub-
strate interacts with the mode. We do not have reason to believe that this would alter
our results by a great deal as we saw that there was a similar change in frequency
across many modes tested with the same substrate. This observation removed the
requirement to check if a mode was fundamental before the data collection was per-
formed, significantly reducing the preliminary work that needed to be done before
every data collection instance.
7.2 Determining Criteria For Results
We collected a large quantity of data during this experiment but only a small num-
ber of sweeps could be considered useful or good data. Here we will discuss why
most sweeps were rejected from the results seen in chapter 6. Often it was the case
that there would be too great an instability in the system. For the majority of this
thesis that was likely due to limited thermal stability. We introduced the tempera-
ture stabiliser and temperature controller very late into this research and even only
having a thermistor in the setup has been very useful in determining why there has
been such large instabilities.
The instabilities gave reason to discount results for numerous reasons. At times
it would be difficult to obtain results for more than 15 V step ranges as the mode we
were observing would simply drift off of the side of the oscilloscope. This cannot be
fixed mid sweep in data collection without seriously jeopardising the results. This
was a problem faced a lot over this experiment. We had numerous theories about
what the cause might be but the inconsistency of the drift made it hard to test it.
Sometimes the instabilities would be of such large magnitudes that it would
cover up any trace of a shift. This was a problem for the substrates that displayed
little frequency detuning as the magnitude of the instability would be too great to
discern the interaction on the frequency from the substrate. This was also a prob-
lem for the high refractive index substrates. There were no signs of blue-shift from
germanium or silicon for the majority of this experiment. We have reason to be-
lieve that the primarily red-shift from the environment is thermal based, but more
specifically from heat caused by people moving about the lab. Anecdotally it was
noticed that a single person in the lab collecting data could increase the temperature
of the resonator environment by as much as 4◦. This change in temperature had
two effects on the resonances. The first effect we described earlier with reference to
modes red-shifting out of the oscilloscope sampling range. The second effect is that
it made mode retention extremely difficult between substrates. If we had a mode
that showed some stability and a high Q-factor, the process of removing the box and
swapping to the next substrate introduced enough heat into the system that modes
would sometimes just disappear, or become so hard to discern from the background
noise that new modes were sought out instead. This was confirmed when calibrating
the temperature controller and purposefully introducing large amounts of heat into
the resonators environment, a substantial increase in temperature could cause even
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a stable mode to ’disappear’. Some of these thermal instabilities manifested as fluc-
tuations that were noticed as periodic movements in the results. These fluctuations
often increased the calculated error associated with the frequency shift. Steps were
taken to try and reduce the magnitude of these errors, such as refining the analysed
area to be more local to the evanescent field of the WGMR, however we felt that the
process we had for fitting errors was sufficiently rigorous that we were obliged to
keep this method the same throughout the sweeps. This did lead to error bars with
greater magnitudes than perhaps is desired, however it would also prove difficult
to justify manipulating single substrate data or errors for the purpose of making the
bars smaller.
Sometimes even if the mode was stable, there would be little sign of an interac-
tion with the substrate. This results in plots that show no change beyond random
noise for linewidth, Q-factor or coupling contrast. The solution to this is to adjust
the distance between the resonator and substrate but there were times when adjust-
ing the offset of the substrate position by as much as 2 µm would not yield anything
different. We tried working around this by using different techniques such as sweep-
ing the substrate backwards immediately after hearing that it had made contact with
the resonator when moved into place. This did not prove useful as some indications
suggested that we had deformed the resonator by such an amount that the substrate
looked to have remained in the evanescent field for the entirety of the sweep. This is
not useful data as the results of constantly deforming a resonator make determining
the point of contact between the substrate and resonator very difficult.
There was also an issue of mode deterioration, whereby a mode that might ap-
pear stable would sweep with a steadily worsening coupling contrast until it was
indistinguishable from the baseline noise. Adjusting the setup to change the cou-
pling into the resonator often became insufficient to recover the mode, meaning that
mode deterioration often required that the resonator be removed from the setup and
cleaned (using the process detailed in section 2.6) and re-coupled into. The cause
was theorised to be a possible combination of the repeated impacts between the res-
onator and substrate causing an introduction of dust or other particles onto the res-
onator (increasing losses) and the impacts moving the resonator slightly in relation
to the substrate and coupling prism causing the coupling setup to change slightly.
As can be seen throughout chapter 6, we used a linear fit line to try and re-
verse some of the effects of the passive drift occurring before the substrate enters the
evanescent field. There were many times when this drift was not linear and there-
fore would be hard to justify removing with a linear fit line. Once the temperature
controller was installed, it was not able to reach thermal equilibrium due to vari-
ous factors explained in 7.3. Because it was not able to reach thermal equilibrium
it would exist in a near constant state of heating and cooling. If we collected data
during an inflection point between heating and cooling, a non linear shift would be
noted throughout the results of that sweep. This is because the introduction of heat
would red-shift the mode, and removal of heat would blue-shift the mode. We were
experiencing both directions of shift in some sweeps that could not be justified as
data.
Finally there were instabilities that made it hard to separate the results into the
controlled component and the interaction component. If a substrate is sufficiently
far away from the evanescent field, we expect that the mode has a near constant
linewidth and coupling contrast. This was not always the case as there were many
sweeps conducted that showed a wildly fluctuating linewidth or coupling contrast
that made us think there were grounds to discount the sweep. This was not done
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to cherry-pick clean data sets but used more as a first measure of data quality. Fluc-
tuations in linewidths could still be used in data sets depending on the magnitude
and frequency of the fluctuations. This was another problem of collecting the re-
sults with some substrates that did not experience a large dielectric shift because it
clouds the difference between a sweep that works and shows no shift and a sweep
that doesn’t show a shift because it’s too far away. We had to use pseudo colour
plots along with the raw result outputs to make a decision regarding whether or not
a substrate had interacted with the resonator.
Let us change tact for a moment and discuss how we selected the good data
rather than discounted the bad. Most data sweeps were taken and analysed to pro-
duce the raw result plots seen in 6, what we looked for was mostly a difference
between the start and end of a sweep. This was a good rule of thumb to suggest an
interaction had taken place. The data was looked upon more favourably if there was
a smooth transition between the start and end of a sweep. Discontinuities were not
grounds for discounting the data set unless the discontinuities were too dispersed
from a line of best fit.
Data was mostly evaluated in this way, smooth, stable data was more likely to be
analysed because it would throw less exceptions when analysed in MATLAB. At no
point did we choose the data sets based on the observed dielectric shift alone, there
were many sweeps that demonstrated shifts that would likely fall in line with the
theory, but were discounted for any of the other reasons given above.
7.2.1 Frequency Shift Measurement
From the discussion of the method in section 5.2, one might wonder how a single
mode was kept in focus despite all of the problems discussed above, for the du-
ration of collecting data across 6 different substrates. Unfortunately there was no
single mode that gave usable data across all 6 substrates as there was almost always
a reason to discount data collected from one or more modes from the discussion
above. This lead to an important question that rose from the method. When one
mode is presenting data that does not need to be discounted, should repeatability
or extend-ability be the priority? The argument for repeatability is that we have a
mode that can be swept over multiple times for one substrate and good data for
one substrate be collected, but risk the mode deteriorating before data can be col-
lected for all 6 substrates. Conversely, if the data is "good enough" for one mode,
it could be used to collect data across the remaining substrates but risk the lower
sample size skewing the results for a given substrate. Our answer to this question
was to exercise judgment in each case depending on the factors at play. Often this
would mean taking data from 6 sweeps (3 in each direction). Usually there would
be a reason to discount at least one if not several of the sweeps for reasons discussed
above. If data was collected for a sweep in each direction, and the results of these
sweeps were within the bounds of error of each other, we usually tried to preserve
this mode for testing on other substrates, thus striking a balance between repeata-
bility and extend-ability. Building a running average for each sweep across different
modes would have been preferable but was not possible within the scale of this ex-
periment. This was due to the short interval between data collection and the writing
of this thesis. Instead a single sweep was selected to be representative of the sweeps
collected by testing that sweep against the criteria discussed above.
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7.3 Temperature Control
We discovered that temperature played a very important role in the stability of the
setup. We used the cardboard box and temperature controller to help control the
temperature during the data collection. The temperature in the laboratory and the
local resonator environment could have a large impact on the frequency of the mode
observed if it was not controlled carefully. Often by simply existing in the lab while
taking data would be enough to heat the environment around the resonator and
cause a red-shift to occur in the data. This is why most of the substrate results feature
a red-shift in the frequency shift that we attempted to minimise by using a linear fit.
To demonstrate the effect that temperature can have on the frequency, we found
some relevant literature on the thermo-optic properties of lithium niobate. Each of
the two papers found are discussed in detail below.
One paper by Savchenkov et al. (2006) [20] features a WGMR left for 4 hours
with a sweeping laser. This shifted the frequency by approximately 3 GHz as can be
seen in figure 7.1. As this was left over a period of 4.5 h, we can determine that their





fdrift = 11.11 MHz min−1. (7.2)
The duration of a sweep in our experiment is approximately 30 s. Savchenkov et
al. uses figure 7.1 to show how their spectrum evolves in time. The passive frequency
shift experienced by the substrates in our experiment is unlikely to be explained by
this effect, due to the difference in direction of drifts experienced. The frequency
drift presented in this paper would need to be negative to explain the passive red-
shift experienced by the substrates in our experiment. Even if the direction was
reversed, the red-shift was often at a magnitude greater than 11.11 MHz min−1.
FIGURE 7.1: Figure taken from Savchenkov et al. showing the effect
of temperature on the frequency of a WGMR..
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The second paper we will discuss is a paper by Moretti et al. (2005) [21] which
discusses the thermal expansion of a lithium niobate WGMR. We assumed that the
cardboard box would thermalize the resonator and substrate to the same tempera-
ture within 120 s of placing the cardboard box over our setup. [21] derives the coef-
ficients for thermal expansion in a z-cut lithium niobate resonator. This is identical
to the one used in our setup.
To determine how temperature changes the frequency then, we have the fre-
quency of a WGMR mode
ν =
m · c
2π · R · neff
. (7.3)
Taking the time derivative yields
dν
dT














We make the assumption that ne f f ≈ ne because the resonator is mounted with
the optical axis in the z-direction. This also assumes that only the fundamental
modes are coupled into. Because of this assumption, we can therefore also assume







































= −αperp − αne. (7.9)
We have collected terms parallel to the optical axis αne and the terms perpendic-
ular to the optical axis αperp. In Pignatiello et al. (2007) [22] they measure the thermal
expansion coefficients of lithium niobate. We quote the result for z-cut lithium nio-
bate
αperp = 13.6× 10−6K−1. (7.10)
Moretti et al. doesn’t solve for the coefficients with 1550nm light but we assume
that the results for 1523nm are approximately the same. We also assume room tem-
perature (22◦). Starting with equation 4 of [21]
dne
dT
= −2.6 + 19.8× 10−3T(10−5K−1), (7.11)
and substitute 22◦C = 295.15 K we get
7.3. Temperature Control 107
dne
dT
= −2.6 · 10−5 + 19.8 · 10−3 · 295.15 · 10−5. (7.12)
dne
dT
= 3.244× 10−5 (7.13)
We can use this result with ne = 2.21 to solve equation 7.8
αne = 1.468× 10−5. (7.14)





= −13.6× 10−6 − 1.468× 10−5 = −2.828× 10−5. (7.15)
To get the derivative we multiply both sides by ν which we find by solving the
wave equation 4.3 for λ = 1550




= −5.472× 109. (7.17)
We rearrange this expression to find that a 10 MHz change in frequency can be
caused by a change in temperature of −1.83◦mK.
In this experiment we used a temperature controller that could thermalize a
setup with a stability of ±0.02◦C but there were problems with the implementa-
tion. The heat-sink we used did not seem to be effective at dispersing the heat. If the
thermistor was at a higher temperature than was set on the temperature controller,
the Peltier would dump heat into the heat-sink. This would cause the heat-sink to
act like a proxy heater and warm up the resonator even if the brass rod was cooling
down. We attempted to use a small current through the Peltier to generate a fixed
red-shift that could be accounted for in the results, yet the ability to generate a small
red-shift was masked by the passive heating of the resonator environment that oc-
curred when people remained in the lab for any period of time. Further to this point,
the lack of thermal insulation between the brass rod, the aluminium block it resides
in and the copper temperature control block meant that the aluminium block would
also function as a large heat-sink secondary to the one mounted on the Peltier. As
this was connected directly to the optical table it makes it hard to gauge and calibrate
the temperature controller as the system is made more complicated than passing a
thermal load through a copper block. Even when the temperature would be close to
stable, and oscillate over a range of 0.1◦C, the temperature fluctuations would cause
the modes to oscillate back and forth on the oscilloscope. To have the modes moving
forwards and backwards is less desirable than movement in a single direction. In a
single direction we can be aware of the shift when we are taking data, knowing that
the shift we are seeing while collecting the data. If the modes were to oscillate while
data was being collected, it would be much harder to discern whether or not the
shift we were seeing was resulting from the substrate of the temperature.
As we were not able to use the temperature controller to its full extent, the way
we used it was more to supplement the passive temperature changes that were oc-
curring in the local environment to the resonator. We used the temperature con-
troller to raise the temperature of the resonator environment if the red-shift resulting
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from passive heating looked to increase the frequency of the observed mode past the
bounds of the oscilloscope screen.
7.4 Conclusion
Our aim was to determine if the relationship between refractive index and frequency
shift exists as is proposed in Foreman et al. We have shown that the relationship is
verifiable from the results produced in chapter 6, and through creating our own
versions of the figures in presented in Foreman et al. that were discussed in section
6.8.
We were also able to show that the relationship between mode broadening and
substrate refractive index can also be verified. These conclusions are strongest for
the TE modes tested, however the TM modes tested appear to bear a similar shape
when compared with the theory from Foreman et al.
While these results are conclusive, the conclusions would be further strength-
ened if a single mode were observed for the duration of the data collection. We
showed that the temperature control is crucial for mode retention as thermal fluctu-
ations are responsible for the dismissal of a large amount of the data collected.
7.5 Outlook
There are now systems in place that would make further study of this possible, we
have demonstrated the ability to collect large quantities of data using autonomous
computer scripts and communication between laboratory apparatus. We were able
to demonstrate that temperature fluctuations are the main source of instability in this
setup. Further refining of the temperature controller design would reduce thermal
fluctuations and potentially make observing one mode across all seven substrates
possible. While we have shown evidence of the relationship for frequency tuned TE
modes, the relationship for frequency tuning TM modes can be investigated further
due to the reduced agreement between the experimental results and the theory.
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